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FOREWORD 


The  Meeting  was  held  to  provide  a  forum  for  presentation  and  discussion  of  research 
performed  to  obtain  a  more  complete  understanding  of  the  fluid  dynamics  of  rotary  wings, 
and  methods  for  calculation  and  analysis  of  the  aerodynamics  and  dynamics  of  rotary  wing 
systems.  The  objectives  of  the  Meeting  were  to  survey  the  status  of  the  technology, 
including  recent  advances,  and  to  indicate  need  for  further  research. 

Twenty-five  papers  were  presented  at  the  Meeting,  which  consisted  of  six  sessions, 
considering  the  themes  of  Rotors’  Wakes,  Rotors  in  Hover  and  at  High  Advance  Ratio, 
Rotor  Unsteady  Airloads,  Rotor  Airfoils,  Rotor  Configurations,  and  Noise,  followed  by  a 
round  -table  discussion  reviewing  all  the  material  presented.  Aspects  discussed  within  the 
main  themes  included  recent  work  on  calculation  of  rotor  wake  characteristics  and  inflow 
distribution;  factors  affecting  performance  at  hover  and  high  advance  ratio,  and  techniques 
for  their  improvement;  description  of  analytical  methods  for  calculating  rotor  unsteady 
aerodynamics;  experimental  results  for  unsteady  airloads;  current  and  future  trends  in  rotor 
blade  airfoil  design  and  rationale  for  parametric  trade-offs;  experimental  results  of  noise 
measurements  on  rotors  in  flight  and  methods  of  noise  calculation;  recent  rotary  wing 
applications. 

By  invitation  of  the  French  National  Delegates  to  AGARD,  the  Specialists’  Meeting, 
recorded  in  this  document,  was  held  at  the  Centre  Nationale  de  la  Recherche  Scientifique, 
Marseilles,  from  13  to  15  September  1972. 


CONTENTS 


Page 

AGARD  FLUID  DYNAMICS  PANEL  OFFICERS,  PROGRAMME  COMMITTEE 

AND  FOREWORD  iii 

Reference 


SESSION  I  -  ROTOR  WAKES 


ROTOR  WAKES  -  KEY  TO  PERFORMANCE  PREDICTION 
by  M.C.Cheney  and  A.J.Landgrebe 

Prepared  comment  -  J.P.Jones  1 

AN  ACTUATOR  DISC  THEORY  FOR  ROTOR  WAKE  INDUCED  VELOCITIES 

by  R.A.Ormiston  2 

THE  STRUCTURE  OF  THE  ROTOR  BLADE  TIP  VORTEX 

by  C.V.Cook  3 

A  VORTEX-WAKE  ANALYSIS  OF  A  SINGLE-BLADED  HOVERING  ROTOR  AND  A 
COMPARISON  WITH  EXPERIMENTAL  DATA 

by  R.B.Gray  and  G.W. Brown  4 


SESSION  II  -  ROTORS  IN  HOVER  AND  AT  HIGH  ADVANCE  RATIO 


ROTOR  EN  VOL  STATIONNAIRE  ET  A  GRAND  PARAMETRE  D’AVANCEMENT 
par  J.Soulez-Lariviere 

Prepared  comment  -  R.Hirsch  S 

COMPORTEMENT  D  UN  ROTOR  AU-DELA  DU  DOMAINE  DE  VOL  USUEL  A  LA  GRANDE 
SOUFFLERIE  DE  MODANE 

par  M.Lecarme  6 

AERODYNAMIC  FACTORS  INFLUENCING  OVERALL  HOVER  PERFORMANCE 

by  E.A.Fradenburgh  7 

THE  ROTOR  IN  AXIAL  FLOW 

by  H.F.Zimmer  8 

THE  DEVELOPMENT  OF  AN  EFFICIENT  HOVERING  PROPELLER/ROTOR  PERFORMANCE 
PREDICTION  METHOD 

by  D.C.Gilmore  and  I.S.Gartshore  9 


SESSION  III  -  ROTOR  UNSTEADY  AIRLOADS 

A  SUMMARY  OF  CURRENT  RESEARCH  IN  ROTOR  UNSTEADY  AERODYNAMICS  WITH 
EMPHASIS  ON  WORK  AT  LANGLEY  RESEARCH  CENTER 
by  J.F.Ward  and  W.H.Young,  Jr 

Prepared  comment  -  W.Johnson  10 

CALCUL  ET  MESURE  DES  FORCES  AERODYNAMIQUES  SUR  UN  PROFIL  OSCILLANT, 

AVEC  ET  SANS  DECROCHAGE 

par  J.  J. Philippe  et  M.Sagner  1 1 

EFFORTS  AERODYNAMIQUES  SUR  UN  PROFIL  D’AILE  ANIME  D’UN  MOUVEMENT 
HARMONIQUE  PARALLELE  A  L’ECOULEMENT  DETAMIS 

par  J.Valensi,  J.M.Rebont,  J.Renaud  et  G.Vingut  12 

A  COMPRESSIBLE  UNSTEADY  AERODYNAMIC  THEORY  FOR  HELICOPTER  ROTORS 

by  C.E.Hammond  and  G.A.Pierce  13 


iv 


. . ■  I  ■  nil  ufaiMi 


Reference 


SESSION  IV  -  ROTOR  AIRFOILS 


SOME  ASPECTS  OF  THE  DESIGN  OF  ROTOR  AIRFOIL  SHAPES 
by  G.Reichert  and  S.N.Wagner 

Prepared  comment  -  F.X.Wortmann  14 

RECENT  DEVELOPMENTS  IN  ROTOR  BLADE  STALL 

by  W.J.McCroskey  15 

THE  DERIVATION  AND  VERIFICATION  OF  A  NEW  ROTOR  PROFILE  ON  THE  BASIS  OF 
FLOW  PHENOMENA;  AEROFOIL  RESEARCH  AND  FLIGHT  TESTS 

by  H.H.Pearcey,  P.G.Wilby,  M.J. Riley  and  P.Brotherhood  16 

THE  EFFECT  OF  PLANFORM  SHAPE  ON  THE  TRANSONIC  FLOW  PAST  ROTOR  TIPS 

by  W.F.Ballhaus  and  F.X.Caradonna  17 


SESSION  V  -  ROTOR  CONFIGURATIONS 
A  SUMMARY  OF  WIND  TUNNEL  RESEARCH  ON  TILT-ROTORS  FROM  HOVER  TO 


CRUISE  FLIGHT 

by  Ph.Poisson-Quinton  and  W.L.Cook  18 

RECENT  DEVELOPMENTS  IN  CIRCULATION  CONTROL  ROTOR  TECHNOLOGY 

by  R. Williams  19 

SOME  OBJECTIVES  IN  APPLYING  HINGELESS  ROTORS  TO  HELICOPTERS  AND 
V/STOL  AIRCRAFT 

by  H.Kuber  20 

AERODYNAMICS  OF  HELICOPTER  COMPONENTS  OTHER  THAN  ROTORS 

by  A.Bosco  21 


SESSION  VI  -  NOISE 

FUNDAMENTAL  CONSIDERATIONS  OF  NOISE  RADIATION  BY  ROTARY  WINGS 


by  M.V.Lowson  22 

WAKE  CHARACTERISTICS  OF  A  TWO-DIMENSIONAL  ASYMMETRIC  AEROFOIL 

by  I.Kavrak  23 

MESURES  DE  BRUIT  D’HELICOPTERES  EN  VOL 

par  F.N.D’Ambra,  J.-P.Dedieu  et  A. Julienne  24 

THE  NOISE  CHARACTERISTICS  OF  A  LARGE  “CLEAN”  ROTOR 

by  J.W.Levcrton  25 


APPENDIX  A  -  DISCUSSIONS 

APPENDIX  B  -  TRANSCRIPT  OF  THE  TAPE  OF  THE  ROUND  TABLE  DISCUSSION  HELD 
AFTER  THE  PRESENTATION  OF  PAPERS 

APPENDIX  C  -  A  SELECTION  OF  AGARD  PUBLICATIONS  IN  RECENT  YEARS 


5 


1-1 


ROTOR  WAKES  -  KEY  TO  PERFORMANCE  PREDICTION 

Anton  J.  Iandgrebe*  and  Marvin  C.  Cheney,  Jr.** 

United  Aircraft  Research  Laboratories 
East  Hartford,  Connecticut  06108,  USA 

SUMMARY 

The  history  of  helicopter  performance  prediction  methods  and  the  Influence  of  rotor  wakes  are  traced 
from  the  simple  omentum  techniques  used  In  the  early  years  of  propellers  and  rotors  to  the  current  state- 
of-the-art  computer  programs  simulating  the  rotor's  complex  vortex  structure.  Early  methods  became 
Inadequate  as  disc  loadings  increased  and  wake  effects  became  Increasingly  Important,  particularly  for 
hovering  and  low  forward  speed  conditions  where  the  tip  vortex  could  Induce  stall  at  critical  points  on 
the  blades.  Analytical  and  experimental  techniques  are  described  which  define  the  geometry  of  the  vortex 
field  of  a  hovering  rotor  and  its  effect  on  rotor  performance .  It  was  concluded  that  the  most  important 
factor  which  influences  the  prediction  of  hover  performance  was  the  Interference  caused  by  the  tip  vortex 
during  lte  first  revolution.  Integrated  performance  in  forward  flight  was  generally  not  sensitive  to 
variable  inflcw;  however,  when  combined  with  unsteady  airfoil  data,  variable  inflow  produced  significant 
effects  on  blade  torsional  responses . 

NOTATION 

AR  Blade  aspect  ratio,  R/c 

b  Number  of  blades 

c  Blade  chord,  ft 

5  Blade  chord  nandimensionalized  by  R 

CL  Rotor  lift  coefficient,  llft/rR2p(nR)2 

C^TIP  Bla<s®  section  lift  coefficient  near  blade  tip 
c„  Section  pitching  moment  coefficient,  moment/Jpl^c2 

cn  Section  normal  force  coefficient,  force/^pl^c2 

Cpp  Rotor  propulsive  force  coefficient,  force/7rR2p(flR)2 

Cq  Rotor  torque  coefficient,  torque /n-R^p (OR ) 2 

Cj  Rotor  thrust  coefficient,  thrust/n,R2p(flR)2 

f  Distance  from  axis  of  rotation  to  blade  section  nondimenslonalized  by  R 

R  Rotor  radius,  ft 

U  Resultant  blade  section  velocity,  ft/sec 

V  Free -stream  velocity,  knots 

Wz  Induced  velocity  at  blade  in  social  direction,  positive  up,  ft/sec 

z  Axial  coordinate  measured  normal  to  tip-path  plane  nondimenslonalized  by  R 

Zq  Distance  between  the  censer  of  the  rotor  hub  and  ground,  ft 

a  Section  angle  of  attack,  deg 

b>  Rate  of  change  of  section  euigle  of  attack,  radlans/sec 


♦Supervisor,  Rotary  Wing  Technology 
♦•Chief,  Aerodynamics  Section 
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aTPP  Tip  path  plane  angle  of  attack,  positive  nose  up,  deg 

T  Local  blade  circulation  (equal  to  ftRFeci/2),  or  strength  of  vortex  element  In  wake,  ft^/sec^ 

#1  Linear  built-in  twist  rate,  positive  when  tip  pitch  greater  than  root  pitch,  deg 

Blade  collective  pitch  measured  at  the  0.75R  radial  station,  deg 
/x  Advance  ratio,  1.69V/tlR 

p  Air  density,  slugs/ft-3 

<r  Rotor  solidity,  bc/n-R 

i(<  Blade  azimuth  position,  deg 

<K)  Vi'ake  azimuth  position,  azimuthal  degrees  between  vortex  element  and  blade  from  which  it 

originated,  deg 

Rotor  angular  velocity,  rad/sec 


1.  INTRODUCTION 

The  problem  of  accurately  predicting  the  flow  field  and  associated  performance  of  a  lifting  rotor 
continues  to  restrict  designers  in  their  efforts  to  provide  improved  blade  designs  for  helicopters. 
Methods  for  determining  rotary-wing  inflow  and  performance  were  originally  developed  for  propellers  and 
have  evolved  over  the  last  one -hundred  years.  Following  the  early  development  of  the  simple  actuator 
disc  and  blade  element -momentum  methods,  emphasis  was  placed  on  the  development  of  vortex  theory.  This 
resulted  from  the  demands  for  more  precise  prediction  of  rotor  performance,  structural  limitations, 
vibrations,  stability  and  acoustic  characteristics.  The  progress  of  vortex  methods  has  largely  paralleled 
the  progress  in  the  development  of  high-speed  computers.  The  simple  vortex  theory  approaches  have  been 
superseded  by  complex  wake  modeling  techniques  for  predicting  the  instantaneous  rotor  flow  field.  This 
would  not  have  been  possible  without  the  current  advanced  state  of  computer  technology. 

The  prediction  of  the  instantaneous  flow  field  for  the  rotor  is  complicated  by  the  following  factors : 
(1)  the  geometry  of  the  vortex  system  generated  by  the  rotor  (rotor  wake)  is  considerably  more  complicated 
than  that  of  a  fixed  wing  wake  and  (2)  unsteady  flow  effects  must  be  considered  since  the  loading  on  the 
blades  varies  with  time  even  when  the  helicopter  is  in  steady  forward  flight.  Some  of  the  principal 
assumptions  limiting  the  accuracy  of  rotor  inflow  methods  have  been  associated  with  the  geometry  of  the 
wake  and  the  neglect  of  unsteady  aerodynamic  effects .  Generally,  the  rotor  wake  geometry  was  prescribed 
in  advance  as  a  classical  geometry  consisting  of  undistorted  skewed  helical  vortex  filaments.  However, 
it  is  well-known  from  flow  visualization  results  that  the  actual  wake  geometry  differs  significantly  from 
the  classical  model.  Recent  efforts  at  the  United  Aircraft  Research  Laboratories  (UARL)  have  concentrated 
on  the  development  of  an  analytic  method  for  predicting  the  effects  of  distorted  wake  geometry  and 
unsteady  aerodynamics  on  rotor  performance. 

The  primary  objectives  of  this  paper  are  to  (1)  review  the  history  of  methods  for  determining  rotor 
inflow  emphasizing  the  wake  models  employed,  and  (2)  describe  results  from  methods  developed  at  United 
Aircraft  which  demonstrate  the  influence  of  wake  geometry  and  unsteady  aerodynamics  on  rotor  inflow  and 
performance  for  hovering  and  forward  flight  conditions . 

2.  SURVEY  OF  ROTOR  INFLCM  METHODS 

The  intent  of  this  survey  is  to  present  a  brief  history  of  the  methods  and  the  technical  approaches 
used  along  with  a  fairly  comprehensive  list  of  references.  Although,  the  literature  has  been  carefully 
searched  for  the  references  presented  herein,  no  claim  is  made  for  completeness .  The  references  are 
mainly  limited  to  those  describing  theoretical  rotor  inflow  and  wake  methods.  Selected  propeller  methods, 
which  are  adaptable  to  helicopter  rotors,  are  also  referenced.  Completely  experimental  studies  and 
studies  directed  at  understanding  the  fundamentals  of  the  problem  are  generally  not  included.  Since  a 
general  description  of  each  method  is  beyond  the  scope  of  thi6  effort,  emphasis,  for  the  vortex  methods, 
has  been  placed  on  indicating  wake  models  used.  More  complete  descriptions  of  selected  references  may  be 
found  in  Refs.  1  through  5.  In  general,  emphasizing  the  wake,  each  method  may  be  characterized  by 
selecting  the  applicable  combination  from  the  following  major  descriptive  categories. 

1.  Rotor  or  propeller  theory 

2.  Hover  (static  thrust)  or  forward  flight 

3.  Momentum  or  vortex  theory 
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4.  Type  of  wake  model  In  vortex  theory 

a.  Simplified  (vortex  cylinder  etc.)  or  complex  (helical  vortex  filaments)  wake  model 

b.  Undistorted  or  distorted  wake 

c.  Theoretical  or  empirical  wake  model 

Refitences  representing  nearly  all  combinations  within  the  above  categories  are  presented  below. 

2 . 1  Inflow  methods  based  on  momentum  theory 

Rotary-wing  momentum  theory  was  originated  by  Ranklne  (1865,  Ref.  6)  and  Froude  (1889,  Ref.  7). 

Simple  momentum  theory  is  based  on  the  assumption  of  a  uniformly  loaded  actuator  disc  and  results  in  a 
uniform  inflow  distribution  at  the  rotor  or  propeller  which  is  assumed  to  have  an  infinite  number  of  blades 
without  tip  looses.  Removal  of  the  constant  inflow  assumption  was  achieved  to  a  limited  extent  by  the 
introduction  of  blade  element -momentum  theory  by  Drzewiecki  (1892,  Ref.  8),  Reissner  (1910,  Ref.  9),  and 
Glauert  (1926,  Ref.  10;  1927,  Ref.  11).  In  blade  element -momentum  theory,  as  applied  to  the  hovering 
condition,  the  radial  variation  of  inflow  is  found  by  neglecting  contraction  of  the  wake  and  considering 
the  rotor  disc  to  be  divided  into  concentric  rings.  Through  strip  analysis  the  elemental  thrust  produced 
by  each  ring  element  is  determined  in  terms  of  the  inflow  velocity  at  the  rotor.  By  equating  this  to  the 
overall  momentum  change  in  the  air  flow  through  each  annulus,  and  assuming  that  the  inflow  velocities  are 
constant  around  any  ring,  the  inflow  at  each  element  can  then  be  determined.  In  Ref.  10,  Glauert  provided 
a  simple  linear  representation  of  the  fore -aft  variation  of  inflow  over  the  rotor  for  forward  flight 
conditions.  Mangier  and  Squire  (1953,  Ref.  12)  developed  a  modified  actuator  diBC  theory  to  predict  the 
rotor  inflow  variation  with  azimuth.  Recently,  Wood  and  Hermes  (1969>  Ref.  13)  developed  a  forward  flight, 
variable  inflow  theory  based  on  blade  element -momentum  theory  and  an  empirical  relation  for  induced  flow 
build-up  on  a  blade.  However,  most  current  forward  flight  momentum  methods  used  in  rotor  design  are 
based  on  the  constant  Inflow  assumption. 

2 .2  Inflow  methods  based  on  undlstorted  wake  geometry 

To  solve  the  inflow  problem  in  a  more  refined  manner  as  required  for  accurate  blade  airloads  calcula¬ 
tions,  the  rotor  wake  must  be  analyzed.  Simple  vortex  theory  describes  the  wake  by  a  semi -infinite 
cylindrical  vortex  sheet  which  is  emitted  from  the  blade  tips  (Fig.  la).  This  implies  an  infinite  number 
of  blades,  uniform  blade  loading,  and  neglects  wake  contraction.  The  rotor  Inflow  due  to  the  cylindrical 
vortex  sheet  is  solved  through  use  of  the  Blot-Savart  law  and  by  representing  the  sheet  as  a  uniform 

distribution  of  an  Infinite  number  of  vortex  rings  of  infinitesimal  thickness  which  are  located  in  planes 

parallel  to  the  rotor  disc.  The  constant  (hover)  or  mean  (forward  flight)  induced  velocity  resulting 
from  this  theory,  which  was  first  developed  by  Knight  and  Hefner  for  the  propeller  static  thrust  condition 
(1937,  Ref.  14),  has  been  shown  to  be  equivalent  to  that  obtained  from  momentum  theory.  Coleman,  et  al. 

(1945,  Ref.  15)  developed  a  method  to  calculate  the  fore-aft  variation  of  rotor  inflow  produced  by  the 

skewed  elliptical  wake  cylinder  for  forward  flight  conditions.  This  method  was  later  expanded  on  by 
Castles  and  DeLeeuw  (1954,  Ref.  16)  and  Castles  and  Durham  (1956,  Ref.  17)  to  result  in  methods  for 
predicting  the  Induced  velocity  distribution  for  the  longitudinal  and  lateral  planes  of  symmetry  of  the 
rotor,  respectively.  Heyson  and  Katzoff  (1957,  Ref.  18)  removed  the  uniform  loading  assumption  from  the 
above  approach  by  modeling  the  wake  as  a  number  of  parallel  and  concentric  vortex  cylinders  (Fig.  lb), 
the  intensities  and  dimensions  of  which  correspond  to  the  prescribed  pattern  of  the  loading.  The  sum  of 
the  superimposed  induced  velocity  fields  of  the  individual  vortex  cylinders  yield  the  overall  inflow 
field  of  the  radially  nonuniformly  loaded  rotor.  As  described  in  a  series  of  NACA  reports,  Heyson 
continued  to  refine  this  approach  and  finally  included  a  nonuniform  azimuthwise  vorticlty  distribution 
(i960,  Ref.  19).  An  earlier  attempt  at  predicting  the  Inflow  variation  with  azimuth,  using  vortex  theory, 
was  developed  by  Drees  (1949,  Ref.  20).  Two  other  vortex  theories  based  on  an  infinite  number  of  blades 
are  those  of  Wang  Shi-Tsun  (1961,  Ref.  21)  and  Baskin  (i960,  Ref.  22)  in  which  the  vortex  rings  that  had 
previously  been  used  to  represent  the  vortex  cylinder  are  replaced  by  vortex  lines  and  a  layer  of  dipoles, 
respectively. 

Due  to  the  inherent  limitation  of  the  above  methods  using  vortex  cylinders,  whlcn  is  that  time- 
averaged  rather  than  instantaneous  Induced  velocities  are  predicted,  these  methods  are  not  adequate  for 
providing  accurate  variable  inflow  distributions  for  the  determination  of  the  fluctuation  of  the  blade 
airloads.  To  owlvt  fwi  L.id  vuilabit  Inflow  f  oi  a  ft  ..lit.  **uiunei  ot  tladt.  ^  ubliig  v  orttx  ti.lOry ,  the  w&ftfc 
from  each  blade  must  be  considered.  Goldstein  (1929,  Ref.  23)  derived  a  vortex  theory  for  propellers  with 
finite  numbers  of  blades.  Goldstein  solved  the  problems  of  the  flow  attributable  to  a  set  of  semi- 
inflnlt.i*,  equidistant,  fifiMtal*  hellc tidal  surfaces,  pact,  cm  representing  the  vertex  sheet  emanating 
from  a  blade  (Fig.  2).  Goldstein's  solution  was  developed  using  Betz's  optimum  loading  condition  (1919> 
Ref.  24);  that  is,  it  neglects  the  slipstream  contraction  and  hence  refers  rigorously  only  to  a  lightly 
loaded  propeller.  The  basic  assumption  of  the  Goldstein  theory  is  that  the  velocity  field  of  the  vortex 
system  at  a  large  distance  from  the  propeller  is  equivalent  to  the  potential  field  of  the  rigid 
helicoidal  surfaces.  This  is  rigorously  correct  only  for  propellers  where  the  circulation  along  the 
blades  is  such  that  the  flow  in  the  wake  is  identical  with  the  potential  flow  of  such  a  set  of  equidistant 
coeklal  teHeoii&l  usances  P*  as  «xU>’.2*0  tmt-,  7|!  '« 

to  the  hovering  condition  for  helicopter  rotors.  The  primary  limitations,  the  assumptions  of  a  non- 
contracting  wake  and  a  small  ratio  of  wake  displacement  velocity  to  propeller  advance  velocity,  were  not 
Important  to  the  original  development  which  was  intended  for  propellers  operating  in  axial  flight. 
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However,  even  with  their  limitations  recognized,  the  Goldstein-Lock  and  blade  element -momentum  analyses, 
until  recently,  represented  the  state-of-the-art  for  routine  calculation  of  rotor  hover  performance. 

Due  to  the  complexity  of  the  induced  velocity  calculations  associated  with  a  spiral  wake  system  in 
forward  flight,  these  calculations  had  to  await  the  availability  of  the  digital  computer.  A  computer 
method  by  Willmer  (1963,  Ref.  26)  replaced  the  undistorted  spiral  wake  from  each  blade  by  a  simplified 
model.  He  assumed  that  only  those  parts  of  the  wake  which  are  near  to  the  reference  blade  are  important. 
To  these  he  applied  his  "rectangularization"  principle  which  consisted  of  straightening  out  those  parts 
of  the  wake  near  the  blade  and  making  the  mathematical  simplification  of  integrating  to  infinity  since 
the  outer  parts  of  the  straightened  wake  could  be  assumed  to  have  little  effect.  Thus  the  wakes  of  all 
blades  are  divided  in  parts  (rectangular  sheets)  and  placed  in  their  appropriate  positions  according  to 
the  mean  flow  velocity  through  the  disc  and  the  number  and  relative  positions  of  the  blades  that  shed 
them.  Using  an  extension  of  Glauert's  lifting  line  theory,  the  inflow  solution  is  reduced  to  a  system  of 
simultaneous  equations.  These  are  solved  on  a  digital  computer  and  the  results  have  shown  considerable 
improvement  over  the  simpler  theories  that  preceded  it.  A  variation  of  Willmer 's  method  wrs  developed 
by  Molyneux  (1962,  Ref.  27)  in  which  the  rectangularized  sheets  in  the  far  wake  are  replaced  by  a  line  of 
doublets  whose  strength  is  the  integral  of  the  doublet  distribution  across  the  span  of  the  sheet.  One 
shortcoming  of  Wlllmer's  method  is  the  neglect  of  the  time-wise  variations  of  vorticity  in  the  wake. 

That  is,  the  shed  vorticity,  which  is  defined  as  the  vorticity  which  leaves  the  blade  due  to  timewise 
changes  of  circulation,  and  the  corresponding  changes  in  strength  of  the  trailing  vorticity  (vortices 
emitted  normal  to  the  blade  span  to  blade  radial  circulation  variations)  are  neglected.  Loewy  (1957, 

Ref.  28)  had  earlier  used  a  simplified  two-dimensional  representation  of  the  shed  vorticity  to  investigate 
the  flutter  characteristics  of  an  oscillating  rotary  wing  airfoil.  This  problem  was  also  treatec  by 
J.  Jones  (1965,  Ref.  29),  who  developed  a  method  for  determining  the  influence  of  the  ahed  wake  at  an 
actuator  disc  (infinite  number  of  blades)  for  low  speed  conditions.  R.  Miller  in  a  series  of  publications 
(1962,  Ref.  30;  1964,  Refs.  3,  31,  32)  accounted  for  the  shed  vorticity  through  use  of  Theodorsen  type 
lift  deficiency  functions.  A  simplification  to  the  spiral  wake,  developed  by  R.  Miller  (1964,  Ref.  31)» 
iu  characterized  by  the  feature  that  the  helleal  vortex  lines  departing  tiM  the  blade  are  replaced  at 
specific  points  by  their  tangents  (infinite  straight  filaments).  A  similar  wake  representation  1b  used 
in  the  methods  of  Harrison  and  Ollerhead  (1966,  Ref.  33),  Fuhr  and  Kussman  (1970,  Ref.  34),  and  W.  Jones 
and  Rao  (1971,  Ref.  35). 

One  of  the  first  methods  using  helical  vortex  filaments  to  represent  the  undistorted  wake  of  a  rotor 
is  that  of  Castles  and  Durham  (1959,  Ref-  36).  Undistorted  filaments  are  UBed  to  represent  the  tip  vortex 
spiral  from  each  blade.  The  vorticity  shed  from  the  inboard  portion  of  the  blade  is  represented  by  a 
central  straight  vortex  line  along  the  axis  of  the  wake.  Nondlmensionalized  induced  velocities  for 
specific  points  are  tabulated  as  a  function  of  number  of  blades,  wake  axial  velocity,  and  radius  of  the 
point.  A  similar  wake  model  was  used  in  a  method  by  N.  Miller,  Tang,  and  Perlmutter  (1968,  Ref.  37). 

R.  Miller  used  the  spiral  undistorted  wake  model,  which  he  termed  a  "rigid  wake",  as  an  alternative  to 
his  simplified  straight  vortex  filament  approach  described  above.  The  undistorted  or  "rigid  wake" 
assumption  means  that  the  in-plane  wake  coordinates  (in  planes  parallel  to  the  tip  path  plane)  are 
determined  simply  by  the  rotor  rotational  and  translational  velocities  and  the  axial  coordinates  (normal 
to  the  tip  path  plane)  are  determined  by  a  mean  flow  velocity  which  is  generally  the  momentum  inflow 
value.  Piziali  and  DuWaldt  (1962,  Refs.  38,  39)  modeled  the  undistorted  wake  from  each  blade  by  a  mesh 
of  segmented  vortex  filaments  (Fig.  3).  Each  segment  is  straight  and  of  constant  vortex  stength. 
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and  radial  variation  of  the  blade  bound  circulation.  The  segmented  trailing  vortex  filaments  emanate 
from  each  of  the  end  points  of  the  blade  lifting -line  segments.  The  segmented  shed  vortex  filaments 
intersect  the  trailing  filaments  in  a  manner  such  that  the  segment  end  points  of  both  are  coincident. 

In  this  manner,  the  changes  in,  and  the  effects  of,  trailing  and  shed  vorticity  are  simultaneously 
computed.  In  a  similar  manner,  Madden  (1967,  Ref.  40)  extended  the  method  of  R.  Miller  to  include  the 
effect  of  both  azimuthwise  and  radial  variations  of  wake  trailing  circulation  strength  by  representing 
the  trailing  vorticity  by  several  spiral  vortices  emanating  from  the  blade  and  divided  into  finite 
straight  line  segments.  However,  he  retained  a  two-dimensional  lift -deficiency  type  formulation  for  the 
sh^.d  wake  influence.  Scully  (1965,  Ref-  4l)  has  noted  possible  refinements  to  R.  Miller's  approach. 

S;gel  (1966,  Ref.  2)  expanded  the  method  of  Piziali  and  DuWaldt  to  the  transient  condition  by  allowing 
the  mean  inflow,  which  establishes  the  axial  position  of  the  rigid  wake,  to  vary  with  time  in  accordance 
with  the  transient  momentum  changes.  He  included  only  the  trailing  wake  contribution,  since  he  consid¬ 
ered  the  shed  wake  effect  as  second  order.  Davenport  (1964,  Ref.  43)  and  Balcerak  (1967,  Ref.  44) 
expanded  the  techniques  de -sloped  ty  R.  Miller  and  by  Pi -.la  11  and  DuWaldt  fur  an  uiidlsturtei  wake  to  tire 
tandem  rotor  application.  Ichikawa  (1967,  Ref.  45)  used  an  undistorted  vortex  sheet  approach  to  develop 
a  unique  linear  theory  for  the  blade  spanwlse  lift  distribution  in  which  he  deduced  a  closed  form 
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propeller  performance  theories  that  use  an  undistorted  wake  have  been  sunmarized  by  Wu  (1965,  Ref.  2). 
Three  other  propeller  theories  that  are  also  based  on  an  undistorted  wake  geometry  are  those  of  Nelson 
(1964,  Ref.  46),  Hough  (1967,  Ref.  47),  and  Mandl  (1967,  Ref.  48). 

2.3  Inflow  methods  based  on  a  theoretical  distorted  wake  geometry 

It  was  recogr  zed  by  the  earlier  proponents  of  the  rigid  wake  model  (e.g.,  R.  Miller,  P«f.  32, 
Piziali,  Ref.  50)  that  the  sensitivity  of  blade  inflow  and  associated  airloading  to  wake  distortions 
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United  Aircraft  Corporation  In  a  series  of  unpublished  applications  of  the  methods  of  Piziali  and  DuWaldt, 
Wlllmer  and  Miller  by  Arcidlacono  and  Landgrebe  and  in  a  later  st  i>’y  in  which  they  cooperated  with 
Carlson  and  Hilzinger  (1965,  Ref-  49)  to  couple  the  variable  inflow  solutions  to  a  Sikorsky  Aircraft 
aeroelastlc  blade  response  program, 

3.  Miller  ( 1961+ ,  Ref.  31)  established  the  concept  of  a  "semi-rigid"  wake.  A  semi-rigid  wake  geometry 
results  by  replacing  the  constant  axial  velocity  (normal  to  the  tip  path  plane)  of  the  rigid  wake  with 
the  instantaneous  axial  velocity  of  each  vortex  element  occuiring  at  its  generation  at  the  blade. 

Although  this  results  in  a  distorted  spiral  wake,  changes  in  the  vortex  element  velocities  with  time,  due 
to  interaction  with  the  wake  and  blades,  are  neglected.  Piziali  (1965,  Ref.  50)  also  included  a  provision 
for  a  semi-rigid  wake.  In  addition,  he  refined  his  wake  model  to  approximately  account  for  the  roll-up 
of  the  spiral  wake  surface  by  truncating  the  mesh  of  trailing  and  shed  vortex  elements  behind  the  blade 
at  a  prescribed  wake  azimuth  and  by  providing  thereafter  for  two  concentrated  vortex  filaments  to  repre- 
snet  a  rolled-up  tip  vortex  and  root  vortex.  Brandt  (1962,  Ref.  51)  and  Ham  (1963,  Ref.  52)  applied 
R.  Miller's  method  using  a  semi-rigid  wake  to  Investigate  wake  effects  on  rotor  blade  airloads  for  low 
speed  flight  conditions.  A  comparison  of  the  semi-rigid  wake  geometry  with  results  from  an  experimental 
program  showed  major  discrepancies  between  the  semi-rigid  and  measured  wake  coordinates  which  Ham  con¬ 
cluded  could  be  significant  if  accurate  blade  airloads  are  to  be  predicted. 

In  recent  years  the  requirement  for  an  improved  distorted  wake  model  has  been  recognized.  Several 
methods  for  predicting  a  more  realistic  wake  geometry  have  been  developed  in  the  past  seven  years.  These 
range  from  simplified  methods,  such  as  methods  in  which  (1)  the  wake  is  approximated  by  vortex  rings  or 
vortex  tubes  or  (2)  the  rotor  is  represented  by  an  actuator  Oise,  to  more  complex  methods  in  which  the 
distorted  wake  geometry  is  predicted  through  calculation  of  the  mutual  Interaction  of  the  wake  filaments 
emitted  from  each  blade. 

The  first  of  the  simplified  methods  was  that  of  Brady  and  Crimi  (1965,  Ref.  53)  in  which  the 
contracted  wake  of  a  static  propeller,  in  and  out  of  ground  effect,  is  calculated  by  a  time -step  procedure 
employing  vortex  rings  of  constant  circulation  strength.  Trenka  (1966,  Ref.  54)  used  the  results  of  tills 
method  to  establish  the  contraction  and  spacing  of  a  mesh  of  discrete  segments  similar  to  Piziali’s  wake 
representation  for  the  purpose  of  predicting  the  performance  of  VTOL  propellers.  Greenberg  and  Kaskel 
(1968,  Ref.  55)  combined  an  actuator  disc  model  of  a  hovering  rotor  with  a  wake  comprised  of  a  distribu¬ 
tion  of  equal  strength  vortex  rings  over  the  slipstream  surface  boundary.  From  applications  of  this 
approach,  they  concluded  that  the  streamline  pattern  is  virtually  independent  of  thrust  coefficient.  This 
result  was  later  questioned  on  the  basis  of  experimental  result,,  obtained  a+  United  Airoraft  (1971,  nef. 
56).  Theodorsen  (1969,  Ref-  57)  extended  his  early  propeller  theory  to  obtain  a  solution  for  the  wake 
contraction  and  associated  performance  of  static  propellers  and  hovering  helicopter  rotors  with  optimum 
loading.  Following  the  unsuccessful  application  of  a  semi -empirical  wake  model  (1965,  Ref.  58)  and  a 

complete  continuous  vortex  sheet  deformation  approach,  Erickson  (1969,  Ref.  59)  developed  a  method  for 

the  static  performance  of  a  VTOL  propeller  in  which  he  specifies  the  wake  contraction  based  on  the 
method  of  Greenberg  and  Kaskel,  and  calculates  the  pitch  of  the  trailing  vortex  sheets  by  iterating  on 

the  axial  positions  and  velocities  at  prescribed  field  points.  A  method  for  low  speed  forward  flight 

conditions  was  developed  by  Joglekar  and  Loewy  (1970,  Ref.  60)  in  which  the  rotor  is  assumed  to  be  an 
actuator  disc  and  the  corresponding  distortions  of  the  tip  vortex  filaments  are  used  to  establish  the  wake 
gtametry  lot  4ft  Rfti&U's  e4*ioa£«  prvgrau,  (Sal  %)-,  Mtb,  ;i9«x,  kef.  (A)  'tees  *  JAdWHAt*  vjne* 
tube  of  uniform  circulation  to  obtain  an  approximate  representation  of  the  distorted  wake  of  a  rotor  in 
forward  flight.  An  approximate  solution  for  the  wake  downstream  of  a  rotor,  where  the  wake  rolls-up  into 
two  concentrated  counter-rotating  vortices  similar  to  a  fixed  wing  wake,  was  developed  by  Levinsky  (1970, 
Ref.  62).  For  the  wake  close  behind  the  rotor  he  used  inclined  actuator  disc  theory  applied  to  a 
combination  of  an  infinite  number  of  ring  vortices  of  elliptical  cross  section  and  an  Infinite  number  of 
ring  vortices  and  sources  directed  parallel  to  the  axis  of  the  elliptical  cylinder.  For  the  far  wake  he 
used  a  single  horseshoe  -urtex  divided  into  numerous  straight,  viscous  core  segments. 

The  more  complex  distorted  wake  methods  are  all  characterized  by  the  representation  of  the  wake  from 
each  blade  by  segmented  vortex  filaments  which  are  allowed  to  freely  distort  until  a  converged  wake 
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is  described  in  a  series  of  references  (1969,  Ref.  63;  1971,  Refs.  56,  64,  65,  and  66;  1972,  Ref.  67). 

The  wake  model  is  composed  of  a  finite  number  of  discrete  vortex  filaments  from  each  blade.  The  straight 
vortex  elements  are  free  to  convect  at  a  velocity  equal  to  the  sum  of  the  free  stream  velocity  and  the 
velocity  induced  by  the  trailing  and  bound  vorticlty.  The  influence  of  the  shed  vorticity  on  the  wake 
distortions  is  assumed  negligible  since  its  intensity  is  small  in  comparison  to  the  trailing  vortex 
strength.  However,  the  influence  of  the  shed  wake  directly  behind  each  blade  is  included  empirically  in 
the  airloads  calculation  through  the  use  of  unsteady  two-dimensional  airfoil  data.  Several  modes  of 
operation  have  been  provided  in  the  computer  program  for  this  method.  The  most  complex  mode,  and  also 
the  most  costly,  is  to  allow  all  the  wake  elements  to  interact  freely  with  the  intent  of  calculating  all 
the  wake  features  including  the  rolling-up  of  the  tip  vortex  and  the  distortion  of  the  wake  (vortex  sheet) 
emitted  from  the  inboard  region  of  the  blade.  The  computer  requirements  and  costs  are  normally  prohibi¬ 
tive  for  this  mode  of  operation  so  various  alternatives  have  been  provided.  The  selection  of  these 
alternatives  is  usually  determined  by  the  accuracy  required  and  the  flight  condition  of  interest  (hover 
or  forward  flight).  One  alternative  mode  consists  of  grouping  the  vortices  from  each  blade  into  (1)  a 
strong,  rolled-up  tip  vortex  filament,  and  (2)  several  weaker  trailing  vortex  filaments  representing  the 
inboard  vortex  sheet  (Fig.  4).  The  complete  mutual  interaction  of  these  vortices  may  be  calculated,  or 
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the  geometry  of  the  inboard  vortices  may  be  prescribed  and  the  distortions  of  the  tip  vortex  computed. 

The  computation  of  the  wake  geometry  is  accomplished  by  the  following  procedures: 

1.  The  circulation  strength  in  the  wake  is  estimated  from  a  previous  solution  of  the  bound 
circulation  distribution  on  the  blade  (lifting  line). 

2.  An  initial  vake  geometry  is  specified. 

3.  The  classical  Biot-Savart  law  is  applied  to  compute  the  velocities  induced  by  each  vortex 
segment  in  the  wake  at  the  end  points  of  the  assigned  distorting  segments. 

4.  These  velocities  are  integrated  over  a  small  increment  in  time  to  define  a  new  wake  geometry. 

|5.  Steps  (3)  and  (4)  are  repeated,  alternately,  until  a  converged  wake  geometry  corresponding  to 

the  initial  estimate  of  blade  bound  circulation  is  obtained. 

6.  A  new  estimate  of  the  blade  bound  circulation  distribution  is  computed  using  the  calculated 
wake. 

7.  Steps  (2)  through  (6)  are  repeated,  iterating  until  a  compatible  wake  geometry-circulation 
solution  is  obtained. 

The  wake  geometry  method  has  been  coupled  with  a  circulation  analysis  and  an  aeroelastic  blade  response 
analysis  so  that  a  consistent  wake  geometry,  rotor  inflow  distribution,  and  airload  distribution  may  be 
iteratively  computed  (Fig.  5).  The  method  is  applicable  to  both  steady-state  hovering  and  forward  flight 
conditions,  and  it  is  currently  being  extended  for  transient  conditions  and  to  include  a  lifting  surface 
representation  for  the  blades.  In  order  to  avoid  prohibitive  computation  costs,  the  far  wake  model  for 
hovering  flight  may  be  represented  by  helical  filaments  and,  unlike  the  near  wake,  this  far  wake  region 
is  constrained  from  distorting  freely.  Another  option  in  the  method  for  reducing  computer  costs  is  to 
consider  the  lesser  induced  effects  at  each  wake  point  in  approximate  form.  By  selecting  a  bounding 
displacement  velocity  induced  by  a  single  wake  segment  at  each  segment  end  point  considered,  a  grouping  of 
all  segments  into  a  near  and  far  wake  region  is  achieved  for  euuh  end  point.  The  near  wake  region 
contains  the  segments  which  make  a  substantial  contribution  to  the  displacement  velocity  at  the  segment 
end  point.  Thus,  this  contribution  is  calculated  anew  for  each  time  step  in  the  iteration  loop.  The 
displacement  velocities  induced  by  the  segments  of  the  far  wake  region  are  recalculated  only  at  selected 
time  steps.  Their  summation  yields  the  combined  influence  of  the  far  wake  region  on  the  segment  end 
point,  which  is  kept  constant  for  the  selected  interval  (generally,  calculation  of  the  displacement 
velocities  due  to  the  far  wake  during  the  first  time  step  is  sufficient).  A  similar  wake  geometry  method 
was  developed  by  Crimi  (1966,  Bef.  68).  This  method  differs  from  the  above  mainly  in  the  following 
manner:  (l)  the  wake  consists  only  of  tip  vortex  filaments,  (2)  a  near  and  far  wake  provision  is  not 
included,  (3)  refinements  for  the  hover  condition  are  not  included,  and  (4)  fuselage  interference  effects 
on  the  wake  are  calculated.  A  third  method,  which  is  also  similar  to  the  above  in  the  basic  technical 
approach,  is  that  of  Scully  (1967,  Ref.  69).  Scully's  wake  model  consists  of  distorting  segmented  tip 
vortex  filaments  and  nondistorting  inboard  filaments.  Rather  than  start  the  interaction  procedure  with 
an  assumed  initial  wake  model,  Sadler  (1971,  Ref.  70)  developed  a  method  to  predict  the  wake  geometry 
by  a  process  similar  to  the  start-up  of  a  rotor  in  a  free  stream.  An  array  of  distorted,  discrete 
trailing  and  shed  vortices  is  generated  as  the  blade  proceeds  in  time.  The  "free  wake  analysis"  developed 
by  Clark  and  Leiper  (1969,  Ref.  71),  limited  to  hovering  rotors,  is  a  spatial  analysis  rather  than  the 
previous  temporal  analyses.  That  is,  rather  than  computing  the  wake  velocities  and  associated  wake 
geometries  for  a  series  of  time  steps,  the  segmented  trailing  wake  is  allowed  to  move  freely  through  a 
computed  velocity  field  to  establish  a  wake  pattern.  Similar  near  wake  geometry  results  from  this 
spatial  method  and  landgrebe's  temporal  method  are  shown  in  Ref.  65. 

2.4  Inflow  methods  based  on  prescribed  empirical  wake  geometry 

Concurrent  with  the  rotor  inflow  methods  based  on  a  theoretical  wake  geometry,  other  methods  have 
been  developed  based  on  empirical  wake  models.  Most  of  these  methods  are  directed  toward  the  rotor  hover 
condition  in  that  this  condition  is  the  one  most  influenced  by  wake  distortion  effects  and  it  is  the 
simplest  one  for  obtaining  experimental  flow  visualization  data. 

Cray  (1955,  Ref*  72;  1956,  Ref.  73)  developed  a  semiempirical  method  for  the  wake  of  a  single  bladed 
rotor  baaed  on  experimental  wake  geometry  data  obtained  from  smoke -visualization  tests.  He  postulated  the 
wake  as  a  rolled  up  tip  vortex  filament  and  a  separate  inboard  vortex  sheet  (Fig.  6).  Although  this 
method  was  relatively  advanced  for  its  time,  it  was  necessary  for  Gray  to  make  several  simplifying 
assumptions,  since  this  was  prior  to  the  availability  of  high-speed  computers.  Gray's  approach  was  later 
expanded  for  propellers  by  Gertchore  (1^66,  Ref.  74).  Kcrke  ted  Wells  (13&J>  Ref*  75)  modified  momentum 
theory  to  include  the  effects  of  the  prescribed  near  wake  by  adding  a  wake-induced  "interference"  velocity 
distribution  to  the  adjusted  momentum  inflow.  Magee,  Maisel  and  Davenport  (1969>  Ref.  76)  developed  a 
tulmvUlcbl  otttce  for  £n*crUlA£  tta  « %t*  saS  anpitlng  Uur  ct  a  brotriac  rotor .  tie 

degree  and  rate  of  wake  contraction  are  determined  from  the  ring  vortex  model  of  Ref.  53  and  the  axial 
wake  coordinates  are  based  on  a  "slipstream  acceleration  parameter"  which  was  partially  based  on 
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experimental  data  and  synthesized  to  provide  correlation  for  several  rotors  and  propellers.  Seed  (1967. 
Ref.  77)  used  a  prescribed  slipstream  profile,  based  on  experimental  observations,  and  a  semiemplrical 
relation  for  the  spiral  pitch  to  calculate  the  performance  of  a  rotor  with  circulation  control  by 
blowing.  He  found  that  his  prescribed  wake  model  provided  better  correlation  than  his  "continuous 
deformation  model"  in  which  the  spiral  wake  form  is  allowed  to  deform  within  a  specified  wake  contraction 
boundary. 

The  requirement  for  a  method  employing  an  accurate  prescribed  wake  model  obtained  from  experimental 
wake  data  was  concluded  by  Jenney,  Olson,  and  Landgrebe  (1968,  Ref.  78)  who  found  that  the  rapid  contrac¬ 
tion  of  the  slipstream  under  a  hovering  rotor  places  the  vortex  system  sufficiently  close  to  the  rotor 
blades  that  it  causes  significant  changes  in  the  radial  distributions  of  induced  velocities  which  can 
result  in  a  loss  in  hover  performance.  A  method  based  entirely  on  en  empirical  wake  was  developed  by 
Landgrebe  (1971,  Ref.  56;  1°72,  Ref.  67)  at  the  United  Aircraft  Research  Laboratories  for  hovering  rotors 
with  any  number  of  blades.  The  method,  entitled  "The  UARL  Prescribed  Wake  Hover  Performance  Analysis",  was 
derived  to  compute  the  blade  circulation  and  Inflow  distribution  ar.d  the  corresponding  rotor  performance 
based  on  a  prescribed  wake  geometry.  Generality  regarding  the  specification  of  the  geometry  was  maintained 
in  the  computer  analysis  to  permit  the  evaluation  of  a  wide  variety  of  wake  geometry  models.  Sample 
computer  plots  are  3hown  in  Fig,  7  for  a  typical  experimental  wake  (far  wake  instability  neglected)  and 
a  classical  wake  model.  Each  blade  is  represented  by  a  segmented  lifting  lin«- ,  and  the  wake  is  represen¬ 
ted  by  a  finite  number  of  segmented  vortex  filaments  trailing  from  the  blade  segment  boundaries.  The 
blade  and  wake  characteristics  are  assumed  to  be  independent  of  azimuth  position.  The  program  is  divided 
into  three  parts.  The  first  transforms  the  wake  geometry  input  to  wake  coordinates.  The  second  contains 
the  computation  of  the  wake  Influence  coefficients  at  the  blades  as  defined  by  the  Biot-Savart  law  and 
the  numerical  procedures  for  solving  the  circulation  matrix  and  associated  induced  velocity  distribution. 

In  the  third  part,  performance  characteristics  are  computed.  Conventional  strip  theory  based  on  two- 
dimensional  airfoil  data  is  assumed  applicable  to  compute  the  rotor  performance  characteristics.  The 
method  was  successfully  applied  at  UARL  following  the  experimental  acquisition  of  systematic  model  rotor 
hover  performance  and  wake  geometry  data  which  were  generalized  to  facilitate  the  rapid  estimation  of  wake 
geometry  for  a  wide  range  of  rotor  designs  and  operating  conditions.  The  method  is  currently  in  use  at 
Sikorsky  Aircraft  and  the  U.  S.  Army  Aviation  Materiel  Research  and  Development  Laboratory,  and  has 
accurately  predicted  the  hover  performance  of  a  wir' •  »  .ge  of  full-scale  helicopter  rotors.  This 

prescribed  wake  analysis  was  successfully  applied  predict  propeller  performance  by  Ladden  (1971,  Ref. 

79)  based  on  generalized  propeller  wake  data,  Gilmore  in  Part  II  of  the  same  reference  presented  an 
extender,  of  Gert there  'e  ;emleir,pirlchl  approach. 

For  forward  flight  conditions,  Tararine  (1?60,  Ref.  80)  empiricized  an  analytical  wake  model  based 
on  tip  vortex  flow  visualization  data  obtained  using  smoke  techniques  in  a  wind  tunnel.  Isay  (1971, 

Ref.  8l)  developed  a  simplified  vortex  model  for  the  analysis  of  the  flow  at  the  rotor  based  on  a 
pteocdt/’d  if  Ipeoold&l  flow  distribution  If.  the  wake*  Lu.*,dg.eu_  a  1  bei.ling.wr  (1/Fi,  bef.  (jh  /  mollfieu 
the  UARL  aeroelastic  performance  method,  described  previously,  to  include  a  prescribed  wake  option  for 
forward  flight  conditions,  and  have  prescribed  the  experimental  wake  patterns  of  Lehman  (1968,  Ref.  82) 
which  were  obtained  fra,,  photographing  tip  vortex  bubble  pattern e  tf  a  noiel  rtitr  in  a  water  time l, 

2.5  Recent  emphasis  In  Inflow  studies 

In  addition  to  refining  the  wake  geometry  models,  recent  emphasis  has  been  placed  on  more  accurate 
analytical  simulation  of  blade-vortex  interference.  Several  studies  have  been  conducted  to  investigate 
improved  representations  of  the  Llile  tnd  the  wake  (particulnfly ,  the  tip  .  Thee*  otudiet  ii.tljSe 

the  following  areas : 

1.  Representation  of  the  blade  by  a  lifting  surface  instead  of  a  lifting  line  (e.g.,  Refs.  83 
through  85 ) , 

2.  Details  of  blade-vortex  interaction  (e.g..  Refs.  86  through  89),  and 

3.  Studies  of  vortex  structure  and  stability  (e.g.,  Refs.  90  through  92). 

Although  significant  progress  has  been  made  in  these  areas,  continued  studies  are  required  to  improve  our 
understanding  of  the  complex  rotor  problem  and  to  apply  the  new  knowledge  and  analytical  techniques  to 
rotor  inflow  methods. 

3.  RESULTS  OF  RECENT  STUDIES  CONDUCTED  AT  UNITED  AIRCRAFT 

For  several  years,  investigations  have  been  conducted  at  the  United  Aircraft  Research  Laboratories 
to  experimentally  examine  specific  effects  of  blade  parameters  and  wakes  on  rotor  performance  and  to 
develop  methods  to  predict  those  effects.  Many  of  these  efforts  considered  hovering  flight  since  this 
remains  the  most  important  asset  of  the  helicopter.  The  work,  in  addition  to  the  forward  flight  and 
unsteady  flow  effects  presented  later,  have  been  supported,  to  a  large  extent,  by  the  U.  S.  Array  Air 
Mobility  Research  and  Development  Laboratory  and  the  NASA  Langley  Research  Center. 


There  have  been  a  variety  of  techniques  devised  to  Improve  the  efficiency  of  rotors  in  hover.  These 
include  twist,  planform  taper,  thickness  taper,  root  cutout,  camber,  and  blade  tip  sweep.  These  para¬ 
meters  generally  affect  the  thrust  characteristics  at  a  given  power  and,  of  course,  the  objectives  have 
always  been  to  increase  thrust  at  a  given  power.  The  objective  of  increasing  maximum  thrust  for  a  given 
rotor  size  was  not  rigorously  pursued  during  the  years  of  the  reciprocating  engine  since  installed  pcwer 
was  generally  insufficient  to  reach  maximum  thrust  conditions.  However,  wixh  the  advent  of  the  turboahaft 
engine,  and  the  corresponding  improvement  in  power  to  weight  ratio,  stall-associated  problems  rather  than 
power  limits  often  have  limited  performance. 

Initial  performance  methods  could  not  predict  these  stall  effects  and  as  a  result  new  high  perfor¬ 
mance  helicopter  designs  did  not  achieve  their  expected  performance  levels.  In  many  cases  these  reductions 
in  maximum  thrust  reached  levels  as  high  as  10  percent,  which  seriously  compromised  payload  capabilities. 
This  reduction  in  actual  lift  compared  to  lift  predicted  using  classical  methods  is  demonstrated  in  Fig.  8. 
Here  experimental  results  are  shown  for  model  rotors  having  two  and  six  blades  and  compared  to  theoretical 
results  of  the  Goldstein-Lock  and  momentum  analyses.  This  figure  demonstrates  the  good  correlation  for 
the  2-b laded  rotor  and  the  poor  correlation  for  the  6-bladed  rotor.  These  results,  and  additional  results 
obtained  for  other  blade  configurations  (Ref.  56)  provided  evidence  that  the  discrepancy  was  related,  at 
least  in  part,  to  the  failure  of  the  analyses  to  simulate  the  change  in  blade  aerodynamics  caused  by  the 
increase  in  solidity  (higher  number  of  blades).  Programs  were  undertaken  at  United  Aircraft  to  identify 
the  mechanisms  causing  these  discrepancies  and  to  provide  the  technical  base  from  which  improved  perfor¬ 
mance  methods  could  be  developed  Initial  research  efforts  were  directed  at  experimental  measurements  of 
the  wake  geometry,  particularly  the  strong  tip  vortex,  and  the  effects  of  various  blade  design  parameters 
on  wake  geometry.  Data  were  obtained  on  4-ft  model  rotors  by  emitting  smo'.e  thru  the  rotors  and  visualizing 
the  vortices.  As  shown  in  Fig.  9,  it  is  possible  to  locate  the  core  center  of  the  tip  vortex  relative 
to  the  blade  tip  as  well  as  the  cross  section  of  the  inboard  vortex  eheets.  Another  important  wake 
characteristic  is  evident  from  the  photographs  of  Fig.  9>  This  is  the  vertical  spacing  between  adjacent 
vortex  cores  relative  to  the  vertical  spacing  between  the  first  (uppermost)  vortex  and  the  blade  passing 
above  it.  The  spacing  between  cores  is  significantly  greater  than  that  between  the  first  vortex  and 
following  blade  demonstrating  the  increased  transport  velocity  of  the  tip  vortex  after  the  passage  of  the 
following  blade.  Examination  of  sequential  photographs  revealed  that  the  vertical  velocity  of  the  tip 
vortex  consists  of  two  distinct  constant  values.  In  the  region  between  the  generation  of  the  vortex  and 
the  passage  of  the  adjacent  following  blade  there  is  no  strong  downwash  Influence  present  and  the  rate  is 
relatively  low.  The  passage  of  the  following  blade  then  imparts  a  large  downward  momentum  producing  the 
resulting  geometry  shown  in  Fig.  9-  The  radial  velocity,  on  the  other  hand,  does  not  experience  a  distinct 
change  due  to  a  blade  passage,  but  instead  exhibits  an  initially  high  value  and  then  approaches  zero 
exponentially.  This  radial  component  of  velocity  was  found  to  be  relatively  insensitive  tc  all  design 
parameters  Investigated  and  was  dependent  primarily  upon  disc  loading.  The  effects  of  increasing  solidity 
on  vortex  geometry  is  revealed  from  Fig.  9  where  the  8-bladed  rotor  is  shown  to  place  the  trailing  tip 
vortex  very  close  to  the  following  blade.  As  a  result  of  the  interference  produced  by  the  high  induced 
velocities  of  the  tip  vortex,  local  stall  could  be  produced  for  an  8-bladed  rotor  whereas  such  stall  could 
be  avoided  for  a  rotor  having  fewer  blades.  However,  at  constant  disc  loading  and  solidity  interference 
is  relatively  insensitive  to  number  of  blades.  This  represents  the  major  requirement  in  predicting  the 
performance  of  a  rotor  in  hover  --  the  ability  to  define  the  position  of  the  tip  vortex  and  the  induced 
velocity  field  around  it.  The  influence  on  the  tip  vortex  location  and  Induced  angle  of  increasing  the 
number  of  blades  is  also  illustrated  in  Figs.  10  and  11.  For  a  fixed  blade  loading  and  chord,  the  radial 
and  vertical  locations  of  the  tip  vortex  below  the  following  blade  are  shown  for  2-,  3",  **■»  6-,  and 
8-bladed  rotors.  As  shown  in  Fig.  11,  the  angle  Induced  at  the  blade  increases  significantly  as  the 
vertical  displacement  decreases .  For  higher  loaded  rotors  it  is  obvious  that  severe  stall  could  be  pro¬ 
duced  which  would  significantly  reduce  performance  over  that  predicted  using  classical  methods.  This 
becomes  an  Important  consideration  when  the  maximum  lift  capability  of  an  existing  rotor  is  increased  by 
adding  one  or  more  blades .  Such  a  configuration  change  could  not  achieve  the  increased  lift  expected 
unless  tl*  effect”  described  above  «re  accurately  modeled,  tt  tbcnld  be  -cttd  U*.t  the  effect?  of 
increased  number  of  blades  are  less  serious  when  the  chord  is  reduced  to  maintain  constant  solidity. 

Under  these  conditions,  if  a  reduction  in  chord  accompanies  an  increased  in  number  of  blades,  the  reduction 
in  vortex  strengths  compensates  the  reduction  in  vertical  displacement. 

The  effroti  due  fra  vortfr*  Interference  ilft  radial  diotritutici,  ftf  srigie  of  irtfrfcck  ftf.d  loading  free 
shewn  in  Fig.  12.  Here  the  distributions  predicted  for  a  model  rotor  operating  below  stall  (07/0-=  0.07) 
are  presented  for  the  distorted  wake  and  classical  wake  methods.  The  most  notable  difference  is  over  the 
tip  region  where  angle  of  attack  and  loading  excursions  of  the  distorted  wake  method  reach  levels  approxi¬ 
mately  50  percent  higher  than  those  of  the  undlstorted  wake  methods.  To  avoid  premature  rotor  stall 
caused  by  tip  disturbances  of  the  type  shown  in  Fig.  12,  some  recent  rotor  designs  have  incorporated  a 
finite  reduction  in  blade  angle  near  the  tip  to  obtain  a  more  nearly  uniform  angle  of  attack  distribution. 
This  ensures  that  a  greater  span  of  blade  can  more  nearly  achieve  its  lift  potential. 

Additional  rotor  design  parameters  such  as  tip  speed,  blade  twist,  aspect  ratio,  planform  taper,  and 
camber  have  been  experimentally  investigated  at  United  Aircraft  (Refs.  56  and  93)  to  determine  their 
effects  on  performance  and  wake  characteristics.  It  was  found  that  the  wake  geometry  was  insensitive  to 
independent  variations  in  tip  speed,  aspect  ratio,  and  camber,  at  least  over  the  range  of  variables 
tested.  The  influence  of  number  of  blades  is  limited  to  establishing  the  wake  azimuth  angle  where  the  tip 
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vortex  peases  be lew  the  adjacent  downstream  blade  at  which  point  the  vertical  velocity  increases 
significantly.  The  effect  of  camber  was,  as  expected,  to  increase  the  maximum  rotor  thrust  due  to  the 
increased  of  the  cambered  section.  Blades  having  planform  taper  at  zero  twist  were  found  to  stall 

at  a  considerably  lower  thrust  coefficient  than  constant  chord  blades  of  equivalent  blade  area.  Although 
only  limited  flew  visualization  data  have  been  obtained  for  the  tapered  blade  rotor,  preliminary  results 
indicate  that  the  initial  vertical  velocity  of  the  tip  vortex  is  much  reduced  over  that  of  the  constant 
chord  rotor.  As  a  result,  greater  interference  effects  are  produced  on  the  following  blade  causing 
premature  tip  stall.  It  is  speculated  that  the  tip  circulation  strength,  which  is  the  primary  source  of 
the  initial  downwash  velocity,  is  lower  due  to  the  reduced  blade  chord.  As  a  result  of  tip  stall,  much 
of  the  inboard  blade  area,  which  is  considerable  in  light  of  the  taper  effects,  dees  not  nearly  reach  its 
full  lift  potential.  Of  course,  large  values  of  negative  twist  should  accompany  taper  in  order  to  place 
the  inboard  sections  at  more  favorable  L/D  levels  and,  in  fact,  it  seems  reasonable  to  expect  that  a 
tapered  blade  should  require  greater  twist  than  a  constant  chord  blade  of  equivalent  area.  This  appears 
warranted  since  for  equivalent  areas,  the  tip  chord  of  the  tapered  blade  is  less  than  that  of  the 
untapered  blade  and,  assuming  no  twist,  would  be  subjected  to  tip  stall  at  a  lower  thrust  level. 

Results  of  the  UAEL  Prescribed  Wake  Analysis  described  earlier  are  compared  to  experimental  results 
in  Fig.  13-  The  wake  used  to  generate  these  results  was  estimated  from  flow  visualization  photographs 
where  the  accuracy  in  reading  coordinates  is  approximately  1/2  percent  of  the  radius.  The  sensitivity  of 
performance  to  the  tip  vortex  position  is  demonstrated  in  Fig.  13  where  the  tip  vortex  is  displaced  this 
amount  (l/2  percent  R)  further  from  the  rotor.  The  important  conclusions  that  have  resulted  from  these 
investigations  are  that  knowledge  of  the  strength  and  position  of  the  tip  vortex  of  highly  loaded  multi- 
bladed  rotors  is  extremely  important  and  that  performance  prediction  methods  must  accurately  simulate  this 
geometry  if  reliable  performance  estimates  are  to  be  expected. 


Wane  stability  characteristics 


Indications  from  the  many  flow  visualization  investigations  conducted  at  United  Aircraft,  primarily 
with  model  rotors  as  reported  in  Ref.  56,  are  that  the  helical  tip  vortey  is  relatively  stable  and 
repmstobie  in  ra^t-jc  belts  the  ■■'larlr*  lit  r  gjrlet.I.U^  '-nn  ‘ *  feRjexJfcUwiifcl'j  5  jure.  nl  t  t ui  padiur 
This  region  is,  of  course,  the  most  important  regarding  performance  and  fortunately  produces  a  generally 
steady  aerodynamic  environment  at  the  blades.  However,  as  the  helix  progresses  downstream  it  takes  on  a 
more  random  behavior  and  eventually  an  apparent  instability.  Whether  the  tip  vortex  undergoes  a  form  of 
viscous  dissipation  (decay)  or  vortex  breakdown  (bursting)  as  characterizes  certain  fixed  wing  tip 
vortices  is  conjecture  at  this  time.  However,  results  indicate  a  definite  departure  from  the  classical 
concept  of  a  smoothly  contracting  wake  below  the  rotor.  Evidence  of  this  is  shown  in  Fig.  lU,  in  which 
the  fourth  vortex  cross  section  proceeds  to  travel  radially  outward  (note  particularly  the  photographs 
for  =  60  and  120  deg)  until  it  is  no  longer  visible.  Although  it  is  recognized  that  a  small  perturba¬ 
tion  such  as  a  small  amount  of  ambient  wind  or  a  slight  blade -out -of -tracn.  may  be  necessary  to  precipi¬ 
tate  the  instability,  this  is  believed  to  be  an  academic  consideration  Since  full-scale  rotor  operation 
is  certainly  subject  to  greater  disturbances  than  those  present  under  conti'cAied  laboratory  conditions. 


Wake  stability  was  found  to  increase  with  decreasing  wake  azimuth,  %.  Foi  example,  the 
repeatability  of  the  tip  vortex  position  beneath  the  following  blade  (t/>  -»  360  deg/b)  was  within  *1 
percent  A  the  rtilao .  Wv^rt  j/r  ctogru-phlc  trump  «nd  u  more  cunfl&etfe  4Lst  istAoi.  of  th*.  an  stable  nature 
of  the  far  wake  are  presented  in  Refs.  56  and  67.  Evidence  of  far-vake  instability  for  a  small-scale 
propeller  with  two  blades  is  discussed  In  Ref.  91.  It  is  mentioned  therein  that  the  instability  was 
characterized  by  axial  but  not  radial  oscillations  of  the  tip  vortex  in  the  far-wake  region.  This  differs 
from  the  observations  of  the  model  rotor  tip  vortices  which  exhibited  substantial  radial  as  well  as  axial 
movements . 


The  implications  of  this  far  wake  instability  on  rotor  performance  and  vibration  have  not  yet  been 
confirmed;  however,  it  is  believed  that  under  steady  hovering  flight  conditions  the  disturbances  in  the 
far  wake  are  sufficiently  removed  from  the  rotor  plane  so  as  not  to  significantly  affect  its  aerodynamic 
environment.  The  unsteady  effects  of  the  far  wake  are  expected  to  play  a  more  important  role  when 
considering  acoustic  phenomena,  the  effects  of  wake  impingement  on  fuselage  and  tail  surfaces,  and  the 
problems  associated  with  slung  loads. 


Forward  flit 


Applications  of  the  wake  methods  to  the  forward  flight  case  have  shown  rotor  performance  for 
conventional  helicopter  flight  conditions  to  be  conslderabli  less  affected  by  the  wake.  In  forward 
flight,  with  forward  tilt  of  the  rotor  disc,  the  blades  are  moving  away  from  the  wake,  therefore  feeling 
less  of  its  influence.  As  in  the  hover  condition,  the  wake  elements  become  distorted  as  a  result  of 
interactions  with  other  elements  in  the  waxe.  These  distortions  are  similai  to  those  p.uduced  * 
fixed  wing,  as  depicted  schematically  in  Fig.  15.  Shown  is  the  general  "rolling  up"  characteristic 
produced  at  the  lateral  extremities  of  the  wake  with  the  rolled-up  portions  growing  in  size  as  they  pro¬ 
ceed  dwnstream.  These  large  downstream  distortions,  hewever,  do  not  significantly  influence  the  flow 
field  at  the  rotor.  A  more  quantitative  representation  of  the  tip  vortex  geometry  obtained  from  Ref.  64 
is  presented  in  Fig.  16.  Here,  theoretical  results  are  presented  for  a  2-bladed  rotor,  and  the  wakes  are 
shewn  for  both  the  classical  helical  shape  (undistorted)  and  the  more  realistic  distorted  wake.  The 
planform  view  indicates  relatively  small  differences  in  the  tip  vortex  geometry,  particularly  over  the 
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Important  near  wake  region;  however,  the  profile  views  show  significant  differences.  A  comparison  of 
the  axial  tip  vortex  coordinates  for  a  model  rotor  predicted  by  the  theory  of  Ref.  63  and  obtained  from 
the  experimental  results  of  Ref.  82  is  presented  in  Fig.  17.  Although  the  geometric  differences  between 
the  distorted  and  nondistorted  wakes  are  significant  and  generate  great  academic  interest,  it  has  been 
found  that  they  are  generally  not  Important  differences  when  it  comes  to  she  determination  of  rotor  per¬ 
formance  and  certain  other  rotor  characteristics  for  conventional  forward  flight  conditions.  (This  cannot 
be  generalized,  however,  to  include  flight  conditions  which  place  portionn  of  the  wake  in  the  plane  of 
the  rotor,  for  example  during  maneuvers.)  In  fact,  for  many  flight  conditions,  simple  constant  inflow 
theory  predicts  generally  the  same  integrated  performance  as  the  variable  inflow  theories. 

A  comparison  from  Ref.  66  of  the  predicted  performance  using  constant  inflow,  undistorted  wake 
variable  inflow,  and  distorted  wake  variable  inflow  with  full  scale  experimental  results  is  presented  in 
Fig.  18.  The  results  indicate  only  minor  differences  over  the  conditions  investigated  and  relatively 
poor  correlation  with  the  test  data.  It  will  be  shown  later  that  improved  '  -elation  is  achieved  when 
unsteady  aerodynamic  effects  are  included. 

It  is  interesting  to  note  that  the  integrated  performance  results  of  Fig.  l8  remain  relatively 
unchanged  between  the  three  analytical  results,  yet  the  calculated  inflow  over  the  disc  and  the  azimuthal 
distribution  of  angle  of  attack  and  loading  contain  considerable  variations  which  must  be  simulated  to 
accurately  predict  nonperformance  rotor  characteristics  such  as  noise,  stresses,  vibration,  and  control 
loads.  These  variations  are  exemplified  in  Figs.  19,  20,  and  21,  where  results  were  calculated  using 
UAC  blade  response  and  variable  inflow  analyses.  Figure  19  shows  a  typical  inflow  velocity  map  (induced 
velocity  produced  at  the  blade  location  during  each  revolution)  demonstrating  the  highly  variable 
character  of  the  inflow,  particularly  over  the  outer  region  on  the  retreating  side  where  the  strong  tip 
vortex  induces  large  downwash  velocities.  Considerably  lower  velocities  are  induced  on  the  advancing 
blade  where  a  weaker  tip  vortex  is  produced  as  a  result  of  the  reduced  lift  over  the  advancing  blade  tip 
region.  The  two  pockets  of  upwash  shown  in  the  two  forward  quadrants  are  produced  by  the  passage  of  tip 
vortices  from  previous  blades  similar  to  the  vortex  passage  shown  in  Fig.  19-  The  azimuthal  variation  in 
section  angle  of  attack  at  the  75  percent  radial  station  is  shown  for  the  constant  and  variable  Inflow 
cases  in  Fig.  20.  The  maximum  excursions  of  1  to  2  deg  of  the  variable  Inflow  curves  from  the  constant 
inflow  curve  are  attributable  directly  to  tip  vortex  passage  effects  and  occur  on  the  advancing  blade  at 
approximately  130  deg  and  on  the  retreating  blade  over  a  region  from  240  deg  to  330  deg.  Although  the 
retreating  blade  disturbances  appear  greater  than  those  on  the  advancing  blade,  the  actual  loading  distur¬ 
bances  are  less  due  to  the  reduced  dynamic  pressure  on  the  retreating  blade.  The  azimuthal  variations  in 
loading  for  the  75  percent  station  are  shown  in  Fig.  21  where  the  relatively  small  advancing  blade  angle  - 
of -attack  disturbances  shown  on  Fig.  20  translate  into  large  loading  disturbances.  The  effects  of  wake 
distortions  are  shown  in  Figs.  20  and  21  to  increase  the  peak  disturbances  over  those  of  the  undistorted 
case.  It  should  b.)  noted  again,  however,  that  although  the  variable  inflow  theories  generate  significant 
differences  in  loading  distribution  compared  to  the  constant  inflow  case,  the  integrated  performance  shows 
negligible  differences.  One  should  expect  this  when  considering  the  basic  characteristics  of  vortex 
interference  phenomena;  for  flight  conditions  below  stall,  that  is  when  the  blade  sections  are  operating 
on  the  linear  portions  of  their  lift  curves,  and  assuming  steady-stata  airfoil  data,  the  Interference 
produced  by  a  vortex  should  generally  Induce  upwash  and  downwash  on  adjacent  sections  of  the  rotcr  disc. 
The  net  effect  should  be  one  of  cancellation  which  is  evident  in  Fig.  21  where  an  increased  loading  at 
one  azimuth  position  is  generally  accompanied  by  an  unloading  at  an  adjacent  azimuth  position. 

The  following  comments  summarize  the  forward  flight  wake  characteristics  which  have  been  revealed 
through  research  conducted  at  United  Aircraft. 

1.  Wake  geometry  in  forward  flight  is  primarily  determined  by  number  of  blades  and  the  following 
parameters:  advance  ratio,  fi,  rotor  angle  of  attack,  a  ,  and  thrust  coefficient,  JT. 

2.  Rotor  wake  effect-  on  blade  airloading  generally  decrease  with  increasing  advance  ratio, 
Increasing  rotor  angle  of  attack,  and  decreasing  number  of  blades. 
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downstream  from  the  rotor.  Increasing  the  rotor  angle  of  attack  increases  the  axial  spacing  between  the 
wake  and  the  rotor  by  providing  an  additional  component,  V  sin  a  ,  to  the  wake  axial  transport  velocity 
relative  to  the  rotor  disc.  Decreasing  the  number  of  blade3  reduces  the  number  of  blade-vortex  intersec¬ 
tions  by  reducing  the  number  of  tip  vortices  in  the  wake.  In  addition,  for  rotors  with  fewer  blades  the 
vortices  from  the  previous  blades  have  more  time  to  move  further  beneath  a  blade  due  to  the  Increased 
blade  spacing.  The  effect  of  rotcr  thrust  level  is  more  complex  in  that  it  tends  to  increase  wake  effects 
by  increasing  the  rotor-wake  axial  spacing.  In  addition  to  the  reduction  of  wake  effects  due  to  these 
blade-wake  geometry  considerations,  advance  ratio  and  angle  of  attack  influence  the  proportion  of  the  wake 
Induced  velocities  to  the  total  induced  velocities  at  the  .'lades.  An  increase  in  either  of  these  para¬ 
meters  leads  to  an  Increase  in  the  axial  velocity  component,  V  sin  a,  which  contributes  to  the  total 
inflow.  An  increase  in  this  inflow  component  decreases  the  significance  of  the  wake  Induced  velocities. 

At  moderate  to  high  flight  speeds  (hereafter  referred  to  as  /i^O.l)  this  component  is  typically  greater 
than  half  of  the  total  inflow.  Also,  as  advance  ratio  is  Increased,  blade  flapping  velocities  become  an 
increasingly  greater  proportion  of  the  total  Inflow. 
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3.  For  moderate  to  high  speed  flight,  the  wake  deflection  angle  is  the  predominant  factor  in 
determining  the  significance  of  wake  effects.  For  most  conventional  helicopter  conditions  wnere  the 
rotor  supports  the  total  gross  weight  and  provides  the  total  propulsive  force,  the  rotor  is  normally 
tilted  over  at  an  angle  of  attack  which  results  in  a  wake  deflection  angle  of  sufficient  magnitude  to 
reduce  the  wake  sensitivity.  However,  wake  effects  can  be  anticipated  as  being  very  significant  for 
helicopters  with  auxiliary  propulsion  for  which  the  rotor  tilt  may  be  such  as  to  result  in  wake  deflection 
angles  approaching  zero. 

4.  For  low  speed  flight  (/i-  0.1),  the  sensitivity  to  wake  effects  is  stronger  because  of  the  low 
magnitude  of  the  flight  velocity  components,  V  cos  a  and  V  sin  or,  which  limit  the  extent  to  which  the  wake 
is  transported  downstream  and  in  the  axial  direction  resulting  in  a  greater  number  of  blade  vortex-inter- 
sections  closer  to  the  rotor.  In  fact,  tip  vortices  pass  above  the  blades  for  some  low  speed  flight 
conditions.  The  typical  "roughness"  experienced  by  aircraft  flying  in  this  low  speed  range  is  attributed 
to  wake  effects  on  the  vibratory  response  of  the  rotor  blades. 

5.  In  addition  to  the  factors  mentioned  above,  wake  effects  on  rotor  forward  flight  performance  are 
less  than  wake  effects  on  hover  performance  due  to  the  fact  that,  unlike  the  hovering  rotor  wake,  in 
forward  flight  the  tip  vortices  do  not  continuously  pass  beneath  the  tip  region  of  the  fallowing  blades. 
The  hovering  rotor  generates  approximately  1/4  to  1/3  of  its  lift  over  the  outer  10  percent  of  the  blades. 
The  passage  of  a  tip  vortex  close  to  the  blade  in  this  tip  region  has  been  shown  to  significantly 
influence  the  tip  airloading  and,  thus,  the  Integrated  rotor  performance.  In  forward  flight,  the  vortices 
do  not  continuously  pass  under  the  blades  in  the  predominant  loading  regions.  In  fact,  for  rotors  with 
low  numbers  of  blades  flying  at  high  advance  ratios  there  are  no  blade-vortex  intersections  for  a  large 
extent  of  the  blade  azimuth  travel.  In  addition,  the  local  vortex  induced  effects  on  performance  tend  to 
cancel  for  intersections  at  the  inboard  portion  of  the  blade  because  of  the  equal  and  opposite  velocities 
induced  on  opposite  sides  of  the  vortex. 

3.4  Wakes  and  unsteady  aerodynamics 

The  primary  frequency  content  of  the  constant  inflow  loading  curve  shown  on  Fig.  21  is  two  per  rev 
(2P);  however,  higher  frequencies  are  introduced  when  variable  inflow  effects  are  Included  such  as  the  5P 
frequency  contained  in  the  variable  inflow  results  shown  in  Fig.  21.  These  higher  frequency  components 
become  particularly  important  when  considering  other  rotor  characteristics  such  as  vibration,  noise,  and 
control  loads.  Exciting  frequencies  due  to  variable  inflow  effects  (5P,  for  example)  often  coalesce  with 
certain  fundamental  blade  frequencies  and,  therefore,  excite  vibratory  modes  which  would  not  otherwise  be 
excited  with  constant  inflow.  Additionally,  wake  effects  coupled  with  unsteady  airfoil  data  produce 
important  results  which  could  not  be  predicted  without  simulating  each  of  these  phenomena.  Unsteady 
aerodynamic  effects  are  characterized  by  significant  departures  from  the  classical  quasi -steady  airfoil 
data,  as  shown  in  Fig.  22  (Ref.  95).  Here  the  normal  force  and  pitching  moment  are  shown  at  one  Mach 
number  for  both  nose  up  (positive  a)  and  nose  down  (negative  a  )  pitching  velocities  and  compared  with 
steady  state  values.  It  is  apparent  that  the  forces  and  moments  produced  by  an  oscillating  airfoil  are 
extremely  sensitive  to  the  rate  of  change  of  angle  of  attack  in  addition  to  the  absolute  angle. 

The  impact  of  unsteady  aerodynamics  is  felt  primarily  in  two  areas.  The  first  is  in  performance 
where  the  lift  overshoot  shown  by  the  positive  a  curve  in  Fig.  22  directly  affects  the  lift  capability  of 
the  retreating  blades  of  a  rotor  in  forward  flight.  The  apparent  delay  in  stall  results  from  the 
retreating  blade  increasing  in  angle  of  attack  as  it  approaches  its  minimum  dynamic  pressure  position 
thereby  experiencing  the  favorable  lift  characteristics  shown  by  Fig.  22.  Precipitious  stall  to  below 
the  steady  state  value  is  avoided  for  many  flight  conditions  because  the  blade  moves  into  a  more  favorable 
angle  of  attack  environment  while  undergoing  its  negative  angle  of  attack  change.  An  example  of  the 
effects  of  unsteady  aerodynamics  on  performance  is  shown  in  Fig.  23.  The  full  scale  test  results  which 
were  presented  in  Fig.  18  and  compared  to  variable  inflow  theory  are  now  compared  to  theory  including 
unsteady  aerodynamics.  Improved  performance  correlation  is  indicated.  The  increased  lift  over  that  of 
the  classical  theory  shown  at  the  higher  angles  is  attributable  to  two  changes  occurring  on  the  rotor. 

The  first  is  the  direct  increase  in  lift  of  the  retreating  blade  due  to  the  higher  lift  coefficients 
produced  by  the  unsteady  effects  (Fig.  22),  and  the  second  is  the  higher  advancing  blade  lift  which 
accompanies  the  increment  In  lift  of  the  retreating  blade.  'This  is  simply  a  result  of  the  trim  require¬ 
ment  that  the  advancing  and  retreating  blade  flapping  moments  be  equal.  In  addition,  it’s  expected  for 
most  conditions  that  the  advancing  blade  lift  increment  would  be  greater  since  its  center  of  pressure  is 
more  inboard  and  requires  higher  lift  to  balance  the  retreating  blade  lift  moment. 

■Tie  Influence  of  the  combined  effects  of  variable  inflow  and  unsteady  aerodynamics  is  significant 
in  evaluating  vibration  and  control  loads.  This  is  demonstrated  in  Fig.  24  where  experimental  blade  root 
torsional  moments,  which  are  directly  relatable  to  control  loads,  are  compared  to  analytical  torsional 
moments  assuming  unsteady  aerodynamics  with  and  without  variable  inflow.  It  is  apparent  that  improved 
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are  not  presented  in  Fig.  24,  comparisons  with  the  test  data  were  made  and  showed  poor  correlation.  The 
need  for  both  unsteady  aerodynamic'-  and  variable  inflow  to  achieve  the  higher  harmonic  response  present 
in  the  test  data  becomes  more  apparent  when  referring  back  to  Fig.  20.  Here  the  high  frequency  content 
oi  the  section  angie  of  -attack  ^and  its  fliSt  derivative)  is  evident,  m  detciittft  e  nit  el ,  the  varitftAe 
inflow  effects  were  responsible  for  the  high  frequency  content  of  angle  of  attack.  However,  the  steady 
airfoil  pitching  moment  data  are  essentially  insensitive  to  high  frequency  angle  of  attack  variations 


below  stall.  It  thus  becomes  apparent  that  variable  inflow  is  required  to  produce  the  variations  in 
angle  of  attack,  and  unsteady  aerodynamic  airfoil  data  are  required  to  allow  the  blade  to  respond  to 
these  variations.  Studies  are  continuing  at  United  Aircraft  to  correlate  other  dynamic  characteristics  of 
rotors,  such  as  airframe  vibrations  and  noise,  and  it  is  believed  the  potential  for  Improvements  in  these 
Important  areas  has  been  significantly  advanc'd  with  the  addition  of  variable  inflow  and  unsteady  aero¬ 
dynamics  . 

U.  CONCLUDING  REMARKS 

Rotor  inflow  methods  have  advanced  from  the  early  momentum  and  vortex  theories  based  on  an  infinite 
number  of  blades, to  complex  wake  models  in  which  the  vcrtidty  from  each  blade  is  analytically  represented 
The  wake  representations  used  in  the  inflow  methods  have  progressed  from  undlstorted  to  distorted  wake 
models.  The  distorted  wake  models  are  either  calculated  by  iterative  procedures,  in  which  the  self- 
induced  effects  of  the  wake  structure  are  included,  or  prescribed  using  empirical  wake  data.  In  addition 
to  refining  the  distorted  wake  geometry,  recent  emphasis  has  been  on  lifting  surface  techniques,  improved 
analytical  simulation  of  blade-vortex  interaction,  and  improved  definition  of  the  structure  and  stability 
of  the  blade  tip  vortex. 

Experimental  investigations  employing  model  rotors  and  flow  visualization  techniques  have  revealed 
important  wake  characteristics  of  rotors  in  hovering  flight.  These  characteristics,  departing  signifi¬ 
cantly  from  classical  concepts  of  wake  structure,  have  been  found  to  strongly  influence  rotor  performance. 
For  example,  the  axial  velocity  of  an  element  of  the  tip  vortex  from  one  blade  is  substantially  constant 
prior  to  its  passage  beneath  the  following  blade  at  which  point  the  velocity  increases  to  a  new  value . 

The  initial  velocity  varies  linearly  with  blade  loading,  and  the  secondary  velocity  varies  as  the  Bqua.e 
root  of  disc  loading,  in  a  fashlcn  similar  to  the  momentum  Inflow  velocity.  Accurate  simulation  of  these 
wake  parameters,  particularly  the  initial  vortex  velocity,  has  been  shown  to  be  necessary  to  ensure 
reliable  performance  predictions. 

In  forward  flight,  the  extent  to  which  the  wake  influences  rotor  airloads  and  performance  varies 
cotitAdertAily  ulth  the  parameters  defining  the  rotor  upcrMAiig  MHMMfflh  it,  pwtltalw ,  **Wte  eMetti 
generally  decrease  with  Increasing  flight  speed  and  nose  down  angle  of  attack.  For  forward  flight  condi¬ 
tions  where  the  wake  passes  close  to  the  rotor,  accurate  prediction  of  the  wake  distortions  near  the 
blades  is  required  for  establishing  rotor  stresses  and  vibration  characteristics.  The  combined  effects  of 
variable  Inflow  and  unsteady  aerodynamics  significantly  Improve  the  calculation  of  blade  torsional  res¬ 
ponses  in  forward  flight.  The  Improvements  are  related  to  the  higher  frequency  content  of  blade  section 
angle  of  attack  produced  by  the  variable  Inflow,  and  the  resulting  oscillatory  pitching  moments  produced 
by  the  unsteady  pitching  moment  data. 
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a)  TIP  FILAMENTS  FROM  FOUR  BLADES 


b)  ALL  TRAILING  FILAMENTS  FROM  ONE  BLADE 
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c)  SHED  FILAMENTS  FROM  ONE  BLADE 


Fig.  3  Rotor  Undistorted  Wake  Model 
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Fig.  *.  Analytical  Representation  of  Rotor  Wake 
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Fig.  7  Computer  Wake  Patterns  for  One  Blade 
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Fig.  5  UARL  Rotor  Aeroelastic  Performance 
Method 
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Fig.  8  Comparison  of  Results  of  Uncontrncted 
Wake  Analyses  With  Experimental 
Performance  Results  for  Two-  and  Six- 
Bladed  Model  Rotors 


Fig.  6  Schematic  of  Hovering  Rotor  Wake 
Structure 
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Fig.  12  Comparison  of  Model  Rotor  Blade  Section 
Characteristics  as  Predicted  by  Various 
Analyses 


Fig.  9  Photographs  Showing  Effect  of  Number 
of  Blades  and  Thrust  Level  on  Wake 
Geometry 
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Fig.  10  Effect  of  Number  of  Blades  on  Tip 

Vortex  Position  Under  Following  Blade 
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Cj/a  =  0.08 


Fig.  14  Sequence  of  Photographs  Showing  Time 
History  of  Wake 
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Fig.  15  Schematic  of  Rotor  and  Fixed-Wing  Wakes 


Fig.  16  Theoretical  Wake  Pattern  From  One  Blade 
of  a  Rotor  in  Forward  Flight 
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Fig.  17  Comparison  of  Experimental  and 

Theoretical  Wake  Axial  Coordinates 
—  Model  Rotor,  Simulated  SO  kt, 
10,000  lb  Lift 


»WUT  i  -8  010  ADVANCE  lAHO  -  0  3 
014  f  |  i  ■  , 


0  07 


¥ 

O 


•  4 


0  4 


I  »• 


TIP  PATH  PLANT  ANGII  Of  ATTACK 
Qrf,  DEG 

Fig.  1.8  Effect  of  Variable  Inflow  on  Rotor 
Performance  With  Steady  Aerodynamics 
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Fig.  19  Induced  Velocity  Distribution  Based 
on  Distorted  Wake 
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Fig.  22  Sample  of  Generalized  Unsteady  Data 


Fig.  20  Effect  of  Variable  Inflow  on  Blade 
Section  Angle  of  Attack 
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Fig.  21  Effect  of  Variable  Inflow  on  Blade 
Section  Loading 


Fig.  23  Effect  of  Unsteady  Aerodynamics  on 
Rotor  Performance 
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Fig.  2 4  Effect  of  Unsteady  Aerodynamics  and 
Variable  Inflow  on  Blade  Torsional 
Moments 
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Prepared  Comments  on  Paper  1 

by 

J.,J.  Jones 

Westland  Helicopters  Ltd 
Yeovil,  Somerset,  UK 


My  first  task  is  to  congratulate  Mr  Landgrebe  and  Mr  Cheney  on  their  excellent  paper.  They  have  provided  a 
comprehensive  review  of  a  difficult  subject  and  their  bibliography  will  be  an  indispensable  source  of  reference  for 
many  yea~s.  And  of  course  the  authors  themselves  have  made  a  considerable  contribution  to  the  subject.  Therefore 
I  hope  they  will  not  object  if,  in  order  to  promote  specialist  discussion  now  and  perhaps  to  give  a  lead  to  the  later 
round  table  discussion,  I  quest  jn  their  paper  in  detail  and  what  they  are  doing  in  principle. 

One  of  the  items  which  worries  me  is  the  treatment  of  vorticity.  The  Biot-Savart  law  is  assumed,  although  the 
fluid  is  certainly  compressible  and  it  is  often  necessary  to  resort  to  some  computing  tricks,  such  as  a  finite  core  size 
or  a  limiting  velocity,  to  make  the  wake  patterns  converge. 

I  was  struck  by  (Section  2.5)  the  slight  emphasis  given  to  blade-vortex  interaction  and  lifting  surface  theories, 

Ifkrttg?  r  {'a  befwwr  on*  rwrfc*  Mid  H  Made  (r  the  f  the  hewet  probfemr  Abo 

could  not  this  interaction  be  a  source  of  the  blade  pitching  moments? 

Despite  your  cla'ms  in  the  paper  I  don’t  think  that  the  combination  of  variable  inflow  and  non-steady  aero¬ 
dynamics  really  explains  the  differences  between  the  measured  and  calculated  torsional  moments  which  are  shown 
in  Figure  24.  It  is  a  step  i’.  the  right  direction  but  the  remaining  errors  in  amplitude  and  phase  are  large  and,  I 
suspect,  the  mean  values  are  of  opposite  sign.  1  would  suggest  that  some  other  phenomenon  is  present,  perhaps  an 
unusual  dynamic  response  or  inaccurate  measurement. 

Turning  now  from  the  details  to  the  matter  of  princ'nlc  I  think  it  would  be  well  to  try  to  establish,  during  this 
meeting,  just  what  the  future  of  rotor  wake  studies  should  be.  The  authors  have  made  it  clear  that  the  biggest 
influence  on  performance  occurs  in  rhe  hover  and  that  in  forward  flight  the  wake  mainly  affects  vibration  and  noise. 
(Even  this  cannot  be  clearly  demonstrated;  noise  is  determined  by  harmonics  very  much  higher  than  the  fifth  and  a 
study  of  a  high  speed  helicopter  has  shown  that  the  important  vibration  is  largely  unaffected  by  inflow  variations.) 

It  may  be  therefore  that  there  is  little  more  to  come  from  further,  deeper  studies  of  the  wake. 

Perhaps  1  should  sa>  that  i  am  not  playing  devils  advocate.  I  have  a  personal  liking  for  this  branch  of  the 
subject  which  is  absorbing  and  should  have  special  place  for  helicopter  engineers  because  it  has  done  more  than 
anything  else  to  start  off  and  maintain  a  fundamental  interest  in  rotor  aerodynamics.  But  I  sometimes  feel  that 
resources  of  money  and  intellect  may  be  wrongly  allocated  to  such  studies.  By  the  end  of  the  meeting  I  would 
like  to  be  convinced  one  way  or  the  other. 
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AN  ACTUATOR  DISC  THEORY  FOR  ROTOR  WAKE  INDUCED  VELOCITIES 


by 

Robert  A.  Ormiston 

U.  S.  Army  Air  Mobility  R&D  Laboratory 
Ames  Directorate 

Moffett  Field,  California  94035,  USA 


SUMMARY 


A  general  actuator  disc  theory  la  presented  for  predicting  the  time-averaged  downwash  distribution,  and 
steady  state  force  and  moment  response  cnaracteristics  of  helicopter  rotors  in  forward  flight.  Particular  attention  is 
given  to  a  proper  definition  of  the  rotor  potential  flow  problem.  The  formulation  of  the  theory  is  conceptually  based 
on  classical  fixed-wing  lifting-line  theory  to  enhance  its  versatility  and  provide  insight  about  the  complex  physical 
features  of  the  rotor  downwash  distribution.  The  method  of  solution  expresses  the  rotor  downwash  in  a  Fourier  series 
where  the  coefficients  are  given  as  a  summation  of  Influence  functions.  It  is  shown  that  the  rotor  wake  vorticity  can 
be  assumed  to  lie  in  a  flat  planar  wake  for  a  wide  range  of  flight  conditions,  thus  simplifying  the  Biotr-Savart  integra¬ 
tion  for  the  downwash.  The  vorticity  elements  in  the  flat  planar  wake  are  decomposed  into  si’  pie  circular  and  linear 
elements  to  further  simplify  the  integrations.  The  quantitative  results  presented  are  preliminary  and  are  limited  to 
the  downwash  and  Influence  functions  for  each  element  of  vorticity  for  a  specified  rotor  circulation  distribution.  The 
downwash  distributions  are  then  superimposed  to  illustrate  the  variation  of  downwash  with  advance  ratio  for  uniform 
rotor  circulation.  The  results  show  nonuniformities  and  lateral  asymmetries  of  the  downwash  that  were  not  revealed 
by  previous  analyses. 
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two  dimensional  lift  curve  slope 

blade  flapping  coefficients 

circulation  integrals,  Eq.  (18) 

number  of  blades 

circulation  integrals,  Eq.  (22) 

blade  chord,  per  blade 

thrust,  roll,  and  pitch  moment 
coefficients 

downwash  integrals,  Eq.  (18) 
downwash  integrals,  Eq.  (34) 
blade  flapping  inertia 
circulation  integrals,  Eq.  (25) 
downwash  constants 
blade  flapping  spring  constant 
lift  per  unit  length 
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rotor  roll  and  pitch  moment 
dimensionless  flap  frequency 
rotor  radial  coordinate 
rotor  radius 
rotor  thrust 

downwash  coefficients,  Eq.  (12) 
free  stream  velocity 
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blade  velocity  components,  Eq.  (5) 

cosine  downwash  influence  functions, 
Eq.  (13) 


velocity 

sine  downwash  influence  functions, 
Eq.  (13) 
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induced  velocity  normal  to  disc 

rotor  coordinates.  Fig.  9 

rotor  shaft  or  airfoil  angle  of  attack 

rotor  blade  flappin'’  angle 

lock  number,  pacR4/I 

wake  vorticity  elements 

hr  '•monies  of  bound  circulation 

dimensionless  lateral  coordinate,  y/R 

blade  angle,  collective  and  cyclic  pitch 

dimensionless  induced  velocity  X  =  w/Rfl 

advance  ratio,  p  =  U^Rfl 

dimensionless  longitudinal  coordinate,  x/R 

air  density,  dimenrionless  radial 
coordinate,  r/R 

rotor  solidity,  bc/»rR 

induced  angle  of  attack  0  »  U^  /U^ 

circulation  distribution  functions, 

Eq.  (10) 
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wake  skew  angle 
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rotor  angular  velocity 


(|i  rotor  azimuth  angle 


(— )  nondimensionalized  by  ROfor  velocities, 

abcRO  for  circulation 


1.  INTRODUCTION 

The  problem  of  theoretically  calculating  the  downwash  distribution  of  helicopter  rotors  in  forward  flight 
continues  to  be  an  important  focus  for  rotary-wing  research,  particularly  as  advanced  rotor  types  are  introduced  and 
flight  speeds  increase.  Notwithstanding  the  sophistication  of  present  numerical  techniques  for  predicting  the  complex 
rotor  downwash  field,  a  need  exists  for  simpler  but  rigorous  analytic  techniques  which  will  aid  in  understanding  and 
Interpreting  the  complex  relationships  between  rotor  circulation,  downwash,  and  blade  motion.  In  particular,  the 
steady-state  force  and  moment  response  characteristics  of  hingeless  rotors  are  strongly  influenced  by  the  lower 
harmonics  of  nonuniformities  in  the  downwash  distribution.  A  natural  approach  is  to  apply  the  highly  successful  con¬ 
cepts  of  classical  fixed-wing  lifting-line  theory  to  the  helicopter  rotor,  but,  somewhat  surprisingly,  this  has  not  been 
fully  attempted  to  date.  Therefore,  the  present  paper  seeks  to  arrive  at  an  appropriate  problem  definition,  tailored 
to  the  prediction  of  rotor  downwash  and  response  characteristics,  and  provide  an  appropriate  theory  for  treating  this 
problem. 

2.  DISCUSSION  OF  THE  PROBLEM 

A  general  actuator  disc  theory  must  Include  a  certain  minimum  number  of  factors  to  adequately  represent 
the  important  physical  processes  which  influence  the  rotor  downwash  distribution.  The  basic  problem  is  to  properly 
relate  the  bound  circulation  distribution  at  the  rotor  disc  to  the  velocity  field  induced  by  that  bound  circulation  and  its 
associated  wake  vorticity.  Equally  important  for  actual  rotors  is  the  inclusion  of  rotor  blade  flapping  motion  dynamics. 
This  implies  that  the  theory  must  address  simultaneous  solutions  of  the  appropriate  equations  governing  these  three 
unknown  quantities,  the  circulation  distribution,  downwash  distribution,  and  the  blade  flapping  motion.  The  independ¬ 
ent  variables  are  configuration  parameters  such  as  blade  planform  geometry  and  twist,  collective  and  cyclic  pitch, 
shaft  angle  of  attack,  and  advance  ratio.  Rotor  thrust  coefficient  must  be  included  for  low  advance  ratios  as  it 
influences  the  wake  skew  angle. 

Inherent  in  this  problem  definition  are  approximations  which  are  acceptable  within  the  limits  of  applica¬ 
tion  of  the  theory,  i.e. ,  determination  of  rotor  forces  and  moments  required  for  basic  performance  and  control 
analyses.  The  actuator  disc  replaces  ?  ""tual  rotor  hll( igiywiiMn .inflsito  number  of  blades  which  distribute  the 
bound  circulatWIrtfBKTlLUoSSTTmror  the  rotor  disc.  Although  the  vortex  wake  of  actual  rotors  consists  of  a  sheet  of 
vorticity  for  each  individual  blade  which  rolls  up  into  a  viscous-core  tip  vortex,  the  wake  vorticity  of  the  actuator  disc 
is  continuously  distributed  wiihin  the  volume  of  fluid  which  has  passed  through  the  rotor  disc, and  wake  distortion  due 
to  the  effects  of  self-induction  is  ignored.  The  general  actuator  disc  theory  can  therefore  be  characterized  as  a 
rotor  potential  flow  theory  where  certain  restrictions  are  applied  to  the  wake  configuration.  A  skewed  cylindrical 
region  is  most  commonly  used  for  the  wake  vorticity,  although  a  flat  planar  wake  may  also  be  appropriate  for  certain 
operating  conditions.  The  rotor  circulation  and  downwash  are  related  to  one  another  by  invoking  the  lifting-line 
assumption  and  neglecting  the  unsteady  aerodynamics  of  the  near  shed  wake.  This  is  consistent  with  actuator  disc 
theory  since  as  the  blade  number  becomes  infinite  the  chord  length  vanishes  and  hence  the  reduced  frequency 
(k  =  oi''/2")  "Is"  vaniahop  Pxcept  for  predicting  detailed  rotor  blade  airloadB.  vibrations,  and  acoustic  properties, 
these  approximations  are  not  unreasonable  and  a  general  actuator  disc  theory  should  be  capable  of  yielding  highly 
accurate  results  for  rotor  response. 

Conceptually,  the  general  actuator  disc  problem  defined  above  is  a  direct  counterpart  for  rotary-wings  of 
Vianilti'o  classical  lifting  Imt  theory  lot  Unite  Oi e  itfnAQ#  A  It*  4  tH  Vx  i  bf 

illustrated  by  the  diagrams  in  Fig.  1  which  trace  the 
sequential  relationship  of  circulation,  vorticity,  and  down- 
wash.  Except  for  the  existence  of  blade  motion,  the 
actuator  disc  problem  contains  elements  identical  to  finite- 
wing  lifting-line  theory.  They  are  complicated,  however, 
by  the  periodic  relative  velocity  experienced  by  the  rotor 
blade  in  forward  flight,  Rnd  the  increased  complexity  of 
the  wake  vorticity  distribution  caused  by  the  circular 
motion  of  the  rotor  blades  and  the  azimuthal  and  radial 
gradients  of  bound  circulation. 


The  primary  advantage  of  classical  lifting-line 
theory  derives  mainly  from  its  ability  to  provide  insight 
and  understanding  about  the  effects  of  wing  configuration 
or.  the  spanwise  loading  and  downwash  and  the  wing  induced 
drag.  It  is  also  a  simple  and  versatile  tool  for  calculating 
finite-wing  characteristics,  snd  many  results  can  be  gen¬ 
eralized  in  terms  of  basic  configuration  parameters  like 
aspect  ratio  and  taper  ratio.  It  is  felt  that  these  features 
are  equally  important  for  rotary  wing  analyses  and  that  a 
generalized  actuator  disc  theory  would  be  highly  useful. 

Present  techniques  for  computing  the  induced 
velocity  field  of  helicopter  rotors  rely  almost  exclusively 
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Figure  i.  Corresponding  potential  flow  problems 
for  fixed  and  rotary  wings. 
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on  discrete  vortex  filament  methods  which  are  based  on  extensive  digital  computation  (ref.  1-4).  These  techniques 
are  necessary  when  detailed  aerodynamic,  vibratory,  and  acoustic  results  are  required  and  they  include  the  mutual 
interaction  of  the  circulation  distribution,  downwaah,  and  blade  motion.  However,  because  of  the  extensive  numerical 
computations  involved,  they  afford  only  limited  physical  insight,  and  lack  the  versatility  of  simpler  methods.  There¬ 
fore,  they  are  not  fully  justifiable  for  predicting  basic  rotor  response  characteristics.  These  drawbacks  can  be 
partly  attributed  to  the  use  of  discrete  vortex  filaments  for  the  wake  in  contrast  to  the  continuous  vorticity  of  classical 
lifting-line  theory.  It  is  felt  that  to  obtain  comparable  simplicity  and  insight,  a  continuous  wake  method  such  as 
actuator  disc  theory  must  be  used.  A  concise  comparison  of  traits  of  the  two  analysis  techniques  is  presented  in 
Table  1. 


Table  1.  Comparison  of  two  conceptual  approaches  to  the  rotor  potential  flow/ response  problem. 


Approach 

Characteristic  — — — ^ 

Actuator  disc  continuous  wake 

Finite  element,  discrete 
vortex  filaments 

Wake  geometry 

Skewed  cyl  nder  or  flat  planar 

Determined  by  mutual  self 
induction 

Range  of  applicability 

Rotor  forces  and  moments 

Rotor  forces,  moments,  blade 
loads,  vibration,  acoustics 

Complexity,  computation  requirements 

Low  to  moderate 

High 

Versatility,  insight 

High 

Low 

The  solution  for  the  present  general  theory  is  based  on  expanding  the  unknown  variables  in  appropriate 
Fourier  series  in  the  blade  azimuth  angle,  and  solving  the  resulting  equations  using  the  harmonic  balance  method. 

That  is,  the  coefficients  of  each  of  the  sine  and  cosine  harmonics  for  each  equation  are  collected  and  equated,  yielding 
a  set  of  linear  algebraic  equations.  Fundamental  to  this  approach  is  expressing  each  Fourier  harmonic  of  the  down- 
wash  distribution  as  a  linear  combination  of  all  the  Fourier  harmonics  of  the  circulation  distribution.  The  coefficient 
of  each  circulation  harmonic  is  therefore  an  influence  function  [of  the  rotor  radius]  of  the  downwash  distribution. 

The  Influence  functions  are  determined  by  application  of  the  familiar  Biot-Savart  law  to  the  wake  vorticity  generated 
by  indiv'dual  harmonics  of  the  circulation  distribution.  The  resulting  downwash  distribution  is  then  Fourier  analyzed 
to  obtain  the  influence  functions.  After  determining  the  rotor  circulation  distribution  from  the  harmonic  balance 
method,  the  downwash  distribution  is  obtained  by  appropriately  weighting  and  then  superimposing  the  various  influence 
functions.  The  rotor  response  forces  and  moments  may  be  obtained  from  either  the  blade  motion  or  integration  of  the 
circulation  distribution. 

The  major  attraction  of  this  approach  is  that  the  most  difficult  part  of  the  problem,  the  Biot-Savart  integral 
equation,  can  be  solved  Independently  for  a  series  of  rotor  circulation  distributions  to  yield  the  corresponding  down- 
wash  influence  functions.  These  functions  need  only  be  evaluated  once,  and  the  downwash  for  any  rotor  or  flight  con¬ 
dition  may  be  obtained  by  merely  solving  the  relatively  simple  harmonic  balance  equations.  The  influence  functions 
themselves  will  also  provide  detailed  insight  into  the  structure  of  rotor  downwash  by  identifying  the  specific  contribu¬ 
tions  from  each  type  of  circulation  distribution.  While  not  a  primary  rotor  response  characteristic,  the  induced  drag 
of  helicopter  rotors  is  an  intriguing  aerodynamic  problem.  Because  of  the  continuous  nature  of  the  vorticity  and  down- 
wash  distributions  of  a  combined  actuator  disc,  lifting-line  formulation,  it  Bhould  be  feasible  to  rigorously  investigate 
rotor  induced  drag  characteristics.  Although  the  elegance  of  the  induced  drag  relations  for  fixed-wing  lifting-line 
theory,  in  particular  the  minimum  drag  criterion,  may  not  be  attainable  for  the  rotating  wing,  it  may  be  possible  to 
develop  some  useful  analytical  relationships  to  guide  efforts  for  drag  reduction. 

Although  the  definition  of  the  present  actuator  disc  problem  is  relatively  straightforward,  being  a  natural 
extension  of  classical  lifting-line  theory  to  rotary  wings,  previous  actuator  disc  theories  have  not  usually  been 
addressed  to  the  general  problem.  Principally,  the  work  of  refs.  5-7  has  been  restricted  to  determination  of  the 
downwash  in  the  longitudinal  and  lateral  planes  of  symmetry  of  the  rotor,  for  azimuthally  constant  circulation.  Results 
for  the  entire  rotor  disc  are  presented  in  ref.  8.  However,  the  contributions  of  certain  wake  elements  are  not  included 
in  the  downwash.  An  azimuthally  varying  circulation  distribution  is  extensively  treated  in  ref.  9,  however,  results 
are  restricted  to  the  lateral  plane  of  symmetry  and  again  certain  contributions  to  the  downwash  were  not  included. 

When  viewed  in  the  framework  of  the  general  actuator  disc  problem,  these  results  represent  a  first  step  in  determin¬ 
ing  the  required  influence  functions,  since  the  downwash  contribution  from  all  elements  of  the  wake  vorticity  is 
required  on  the  entire  disc  before  the  Fourier  analysis  can  be  performed.  A  limited  number  of  other  methods, 
refs.  10-11,  based  on,  or  similar  to,  actuator  disc  theory  have  been  published,  but  for  various  reasons  they  do  not 
fully  satisfy  the  above  problem  definition. 

The  solution  of  the  elementary  rotor  blade  flapping  equation  for  rotor  response  is  traditionary  carried  out 
by  harmonic  balance  assuming  a  uniform  distribution  of  induced  velocity.  As  an  extension  of  these  methods,  several 
efforts  have  been  made  in  refs..  12-14  to  incorporate  certain  arbitrarily  specified  downwash  distributions.  Although 
quite  versatile,  these  approximate  methods  are  not  derived  from  a  rational  simplification  of  a  rigorous  formulation  of 
the  rotor  potential  flow  problem.  Therefore,  it  is  hoped  that  the  present  definition  of  the  general  actuator  disc  theory 
will  provide  a  sound  basis  for  generating  future  approximate  techniques. 
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3.  EFFECTS  OF  NONUNIFORM  DOWNWASH  ON  HINGE  LESS  ROTOR  RESPONSE 

The  cantilevered  blades  of  hingeless  rotors  are  capable  of  transmitting  bending  moments  to  the  rotor  hub, 
resulting  in  substantial  rotor  r.'-ment  responses  to  control  inputs.  These  hub  moments  then  create  large  azimuthal 
nonuniformities  of  the  rotor  diwnwash  which  have  significant  first  harmonic  content.  An  approximate  treatment  of 
this  problem  is  given  in  ref.  13  where  the  nonuniform  downwash  was  expressed  by  the  first  harmonic  terms  of  a 
Fourier  series. 

A  ■  A  +  A  cos  il>  +  A  sin  0  (1) 

o  c  s 

The  downwash  components  \q,  Ac,  and  Ag  were  derived  in  terms  of  the  rotor  thrust  and  moments  using  simplified 
momentum  and  vortex  theories.  For  example,  in  forward  flight,  the  derivatives  of  the  Inflow  components  with  respect 
to  the  rotor  thrust  and  moment  coefficients  obtained  from  momentum  theory  were  expressed  as 
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The  simple  diagonal  form  of  the  matrix  expresses  the  direct  correspondence  between  the  distribution  of  rotor  forces 


and  downwash  which  is  characteristic  of  momentum  theory 


•«r 


Figure  2.  Typical  effects  of  downwash  on  hingeless 
rotor  response  characteristics,  C^,  »  0 
(from  ref.  13). 


.  The  Influence  of  flight  condition  is  evident  in  the  Inverse 
variation  of  downwash  with  advance  ratio.  At  higher 
velocities  therefore,  the  downwash  produced  by  the  reac¬ 
tion  of  a  given  rotor  force  or  moment  is  diminished.  Rotor 
response  characteristics  including  this  downwash  equation 
were  investigated  in  ref.  13  using  a  linear  harmonic  balance 
technique  no  solve  the  blade  flapping  equation,  including  the 
effects  of  reversed  flow.  An  example  of  these  results  using 
the  first  elastic  flap  bending  mode  are  given  in  Fig.  2. 

Two  response  derivatives,  rotor  thrust  and  pitching  moment 
due  to  longitudinal  cyclic  pitch  versus  advance  ratio,  for 
the  non-lifting  rotor  condition  (CT  ■  0)  are  shown.  In  this 
condition  the  moment  response  vanishes  in  the  limit  as 
H  -  0,  because  Eq.  (2)  implies  that  infinite  downwash  would 
be  required  to  support  a  finite  moment.  In  other  words,  at 
H  =  0,  the  downwash  produced  by  a  moment  is  always  suf¬ 
ficient  to  cancel  out  that  moment.  For  advance  ratio 
greater  than  zero,  the  effect  of  downwash  is  to  reduce  the 
rotor  response.  This  reduction  decreases  for  the  moment 
derivative  as  n  increases  but  only  up  to  a  point.  Beyond 
that,  (M  —  0.4)  it  increases  again.  For  the  thrust  derivative, 
the  effect  of  downwaBh  Increases  uniformly  with  advance 
ratio.  These  results  are  a  contradiction  of  the  intuitive 
basis  on  which  many  researchers  disregard  nonuniform 
downwash  effects  at  high  advance  ratio.  Even  though  the 
inverse  variation  of  downwash  with  advance  ratio  in  Eq.  (2) 
supports  this  reasoning,  the  Increasing  sensitivity  of  hinge- 
less  rotor  response  at  high  advance  ratio  is  of  greater 
Importance  and  therefore  the  downwash  cannot  be  neglected. 


Additional  results  in  ref.  13  provide  extensive  correlation  with  experimental  data  and  confirm  that  the 
slm;,ij  downwash  theories  generally  yield  the  proper  qualitative  results  for  most  of  the  response  derivatives.  How¬ 
ever,  in  terms  of  desired  quantitative  accuracy,  they  are 
not  considered  wholly  adequate.  As  a  means  of  checking 
the  downwash  theory  directly,  an  attempt  was  made  to 
derive,  from  the  experimental  data,  the  relationship 
between  downwash  components  and  the  rotor  thrust  and 
moments.  This  led  to  solution  of  an  inverse  problem  and 
yielded  empirical  inflow  derivatives  in  a  form  suitable  for 
direct  comparison  with  Eq.  (2).  One  of  the  derivatives, 
dAD/dCT,  is  showi  in  Fig.  3.  At  low  advance  ratio,  it 
confirms  the  simple  theory,  but  a  striking  departure  occurs 
which  peaks  for  advance  ratios  near  0. 8.  Although  the 
reason  for  this  phenomenon  is  not  certain,  the  peaking  at 
4  =*  0. 8  implies  that  it  may  be  related  to  the  reduction  in 
average  blade  dynamic  pressure  on  the  retreating  side  of 
the  rotor  disc  which  is  also  a  maximum  near  this  advance 
ratio. 


Figure  3.  Comparison  of  simple  downwash  theory 
with  experimental  data  (from  ref.  13). 


The  lack  of  detailed  understanding  of  the  nature 
of  the  rotor  downwash  distribution,  and  accurate  means  to 
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calculate  lta  effect  on  rotor  reaponae  characterlatlcc  provides  a  strong  Impetus  for  Improving  the  aerodynamic 
potential  flow  theory  of  helicopter  rotors.  The  results  presented  above  should  be  particularly  amenable  to  investiga¬ 
tion  by  the  general  actuator  disc  theory  presented  herein. 

4.  DERIVATION  OF  THE  THEORY 


The  general  actuator  disc  theory  rests  on  the  solution  of  two  simultaneous  equations.  The  first  one 
expresses  the  relationship  between  the  bound  circulation  and  the  Induced  velocity  while  the  second  relates  the  blade 
dynamics  to  imposed  aerodynamic  flapping  moments.  The  former  Is  derived  from  the  Kutta-Joukowski  theorem, 
l  »PVT,  and  steady  thin  airfoil  theory  C|  ■  aa.  Since  a  -  8-0,  we  have  the  fundamental  equation  of  lifting-line  theory. 


r.a^v  (e_0) 


(3) 


For  rotating  wings,  the  component  of  V  normal  to  the  blade  span  is  taken,  and  0  is  defined  in  terms  of  the  relative 
velocity  of  the  blade  perpendicular  to  the  plane  of  rotation.  Applying  the  usual  small  angle  approximations  yields 

r-J(»T-v  (4) 


where 


UT  ”  P  +  M  sin  <1*.  Up  -  A  +  p  fi/n  +  p/9  cos  0  +  pa 


(5) 


The  rotor  blade  pitch  angle  is  given  by  the  usual  relation  for  collective  pitch,  and  lateral  and  longitudinal  cyclic  pitch 
respectively 

8*8+8  cos  0  +  8  sin  0  (6) 

o  c  s 

The  downwash  associated  with  the  rotor  potential  flow  field  is  contained  in  Eq.  (5),  and  denoted  by  X. 


The  equation  for  the  blade  dynamics  Is  obtained  from  the  integrated  flapping  moment j. 

1/9+ (I  +  KJ /9-R2  J  i(P)PdP 
P  0 


(7) 


The  flapping  deflections  of  an  elastic  blade  have  been  approximated  by  a  single  rigid  body  degree  of  freedom,  rotation 
about  a  centrally  located  hinge.  A  spring  element  K p  la  used  to  simulate  the  elastic  restraint  of  hlngeless  rotor  con¬ 
figurations,  and  determines  the  dimensionless  flapplrg  frequency,  p  Wl  +  K^/Ifl2.  For  hingeless  rotors,  p  is  a 
fundamental  parameter  which  specifies  the  relative  stiffness  of  the  rotor.  It  has  a  significant  influence  on  the  magni- 
ude  of  rotor  moment  response  and  the  degree  of  coupling  between  the  pitch  and  roll  axes  of  the  rotor.  The  Importance 
of  the  actual  elastic  bending  degrees  of  freedom  is  discussed  in  ref.  13,  and  If  required  they  could  easily  be  incor¬ 
porated  in  Eq.  (7).  The  aerodynamic  lift  in  Eq.  (7)  la  obtained  from  the  Kutta-Joukowski  theorem  yielding, 


(8) 


A  more  customary  form  of  this  equation  is  obtained  by  substituting  In  Eq.  (4)  for  I*. 

#n2  +  p2  8  - *  Agn  (uT)(UT2  e  -  up  uT>  p  dp 


(9) 


Although_the  first  equation  eliminates  the  complication  of  integrating  the  aerodynamic  flap  moment  in  the  reversed  flow 
region  (UT  <  0)  since  sgn  (Uq>)  is  a  function  of  p,  it  cannot  yield  a  solution  for  the  fundamental  harmonic  of  blade  flap¬ 
ping  when  p2  =*  1,  l.e. ,  for  articulated  rotors.  Since  we  are  primarily  interested  in  rotor  blades  with  elastic  flapping 
restraint,  we  will  proceed  with  Eq.  (8)  and  return  to  the  articulated  rotor  configuration  below. 


The  two  Eqs.  (4)  and  (8)  together  with  the  Biot-Savart  law  for  the  downwash  are  used  to  solve  for  the  throe 
unknown  quantities,  T(p,  0),  &( 0),  and  \(p,0),  This  system  of  linear  integro-differential  equations  with  variable 
coefficients  is  solved  most  easily  by  expressing  the  dependent  variables  in  appropriate  Fourier  series  In  0,  and  then 
resorting  to  the  harmonic  balance  technique  to  obtain  the  Fourier  coefficients.  For  the  circulation  and  flapping  angle 
we  have 

r-r  d  (0)+  ^  (f  0  Ip) cos  n  0  +  r  0  (P)sin  n  (10) 

n»l  '  n  n  n  n  ' 

and 

00 

0»a  +7  (a  cosnib  +  b  sin  0)  (II) 

o  {->.  '  n  n 

n=l 


The  downwash  is  given  in  similar  fashion,  however,  each  harmonic  is  written  as  a  linear  combination  of  all  the  har¬ 
monics  of  the  circulation  series.  The  coefficients  of  each  circulation  harmonic  are  termed  downwash  influence  func¬ 
tions  and  these  are  obtained  from  the  Blot-Savart  law,  which  will  be  discussed  below. 


1  u°  + 


00 

n»l 


cos  n  0  +  v  sin  n  0) 


(12) 


2-8 


U°  =  U°(P)  F  +  5  [u®  (0)  F  +  u°  <P)  r 
0  0  i=i  ci  ci  "i  8i 

CD 

«"  -  u> f.  *  s  k>> rc,  * r.,  'i3' 

vn  =  V>  r  +  5  [v"  (p>  r  +  v"  (p>  r 

0  0  ft  ct  ci  Bi  8iJ 

The  influence  function  (p)  represents  the  nth  cosine  harmonic  of  downwash  resulting  from  the  wake  vorticity  asso¬ 
ciated  with  the  1th  cosine  harmonic  of  the  hound  circulation  distribution.  Similarly,  Vj^(p)  denotes  the  nth  sine  har¬ 
monic  of  downwash  associated  with  the  1th  sine  harmonic  of  circulation. 

Equations  (10)  through  (12)  are  first  substituted  in  the  circulation  Eq.  (4).  Since  the  Fourier  series 
expressions  for  the  dependent  variables  are  not  expanded  in  the  blade  spanwise  coordinate,  P,  the  circulation  equation 
can  only  be  satisfied  in  an  average  integrated  sense.  This  is  accomplished  by  weighting  Eq.  (4)  by  o2  and  integrating 
from  the  blade  root  to  tip  as  follows 

J1rp2dp-ij’  [eu_-up]p2dp  d4) 

o  2  o  1  p 

After  substituting  in  the  series  expressions,  the  coefficients  of  each  sine  and  cosine  harmonic  on  each  Bide  of  Eq.  (14) 
may  be  equated.  This  harmonic  balance  technique  then  yields  the  following  series  of  linear  algebraic  equations. 

(A  +  C°)  F  +  5  /c°  F  +  C°  T  \+  ^-a.  =7  (fl  +  §p0  -fpa)  (15) 

°  °  °  i=l  '  ci  °i  8!  V  12  1  8  \  o  3  ^  s  3 r  / 

c1  r  +  A  r  +  y  fc1  r  +  c1  r  \  +  f^-  (2a  +  a  )  +  -*■  =  -^ 

°  °  °1  C1  6  \  °i  Ci  8i  V  ^  0  2  8  8 

(16) 

d1  F  +  a  F  +y  (d1  F  +D1  F  -J[e  +fMe 

o  o  s1  81  \  Cj  c^  .  V  L12  8  J  8  [  s  3  o 


n  *  2,  ® 


c"F  +A  T  +5  (c"  F  +Cn  F  Ifb  +^(a  1+a  J 
°  0  Cn  Cn  f=i  \  Ci  Ci  8i  V  4  2  "  3  "-1  "+1  )  . 


TT «  "*2 


0  ,  n  >2 


Dnr+A  T  +y  (Dn  F  +Dn  F  VfiUa  +*(b  +  b  )]  =1^” 

°  °  8n  8n  l-l  V  Ci  °i  81  8i /  4>2  n  3  "-1  0+1  J  j  o  n>2 


a  =  r  ®  p2 dp ,  c(,«- r u( )p2dp,  D<>=irv<)p2dP  (i8> 

()  J„  ()  <>  2  Jo  ()  2  JQ  ()  '  ’ 

If  the  circulation  series  is  truncated  for  n  >  N,  then  2N  +  1  equations  are  obtained.  It  should  be  noted  that  the  circula¬ 
tion  equation  could  be  satisfied  without  the  integral  averaging  if  the  dependent  variables  were  expanded  in  a  doubly 
infinite  series  of  both  independent  variables.  Alternatively,  a  collocation  method  could  be  used  to  satisfy  the  circula¬ 
tion  equation  at  a  finite  number  of  arbitrary  radial  locations.  Note  that  the  P2  weighting  function  is  equivalent  to  a 
single  point  collocation  at  p  =  0.75  for  radially  constant  circulation  and  downwash  proportional  to  radius. 

The  differential  Eq.  (8)  for  blade  dynamics  is  similarly  converted  into  a  series  of  linear  algebraic  equa¬ 
tions  which  may  be  used  to  solve  directly  for  the  flapping  coefficients  (a,,,  bfi)  in  terms  of  the  harmonics  of  the  rotor 
circulation. 


a  A  +f F 

o  2^oo  2 
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(20) 


(21) 


where 


1 

B  =  f  0  p  dp 

<)  J0  () 


(22) 


These  relations  are  a  less  restrictive  generalization  of  results  which  may  be  found  in  ref.  2.  A  significant 
result  of  Eq.  (20)  is  that  the  first  harmonic  Happing  coefficients  and  thus  the  moment  response  of  a  hingeless  rotor  is 
independent  of  circulation  harmonics  higher  than  the  second,  therefore,  accurate  rotor  moment  predictions  should  be 
obtained  by  truncating  third  and  higher  harmonics  of  the  bound  circulation.  It  should  be  noted  that  this  conclusion 
neglects  the  indirect  effect  (via  the  circulation  equation)  of  the  higher  circulation  harmonics  on  the  first  two  circulation 
harmonics.  As  noted  above,  a^  bj  cannot  be  defined  by  Eq.  (8)  for  articulated  rotor  blades  but  the  following  rela¬ 
tions  regarding  the  first  two  circulation  harmonics  are  obtained.  These  result  from  the  physical  fact  that  the  first 
harmonic  aerodynamic  flapping  moment  of  a  centrally  hinged  rigid  blade  must  vanish. 
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These  relations  show  how  the  first  sine  and  cosine  harmonics  of  bound  circulation  are  related  to  the  zeroth  and  the 
second  harmonic  in  the  case  of  an  articulated  rotor  and  are  a  generalization  of  results  presented  in  ref.  10. 

The  steady  thrust  and  moment  response  of  the  rotor  may  be  determined  by  appropriate  integration  of  the 
aerodynamic  loading  over  the  rotor  disc. 
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(25) 


Note  that  the  moments  are  simply  proportional  to  the  first  harmonic  flapping  coefficients  a^,  bj.  In  fact,  they  may  be 
equivalently  written  as 


M  » 


L 


(26) 


The  simultaneous  harmonic  balance  equations  from  the  circulation  and  blade  flapping  equations  may  be 

This  procedure  will  be  illustrated  for  a  first  approximation  to  the  solution,  i.e. ,  retain 
1)  Fourier  coefficients  for  radially  constant  circulation.  In  matrix  form,  then,  the  three 


solved  using  Cramer's  rule, 
ing  only  first  harmonic  (N  > 
circulation  Eqs.  (15)  and  (16)  become 
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and  the  three  blade  dynamics  Eqs.  (19)  and  (20)  become 
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These  6  simultaneous  equations  in  6  unknowns  may  then  be  solved  directly.  Note  that  6,9,9,  and  a  are  independent 
control  variables.  If  we  write  Eqs.  (27)  and  (28)  in  concise  notation 

[A]  {r}  +  [B]  [fl  -  [C]  {9},  {$)  =  [D]  {D  (29) 

Solving  for  the  circulation  vector  (T]  in  terms  of  the  control  vector  {9}  we  have 


{r}  =  [E]  {9},  where  [E]  =  [A]  +  [B]  [D]  _1  [C]  {6} 


The  matrix  [E]  represents  the  derivatives  of  each  circulation  harmonic  with  respect  to  each  control  variable,  or 

df  /d6  df  /d6  df  /d6  dr  /da 

o  O  0  c  OS  o 

[E]  a  dF  /d9  df  /d9  df  /d6  dF  /da 

Cj  O  Cj  C  C1  8  C1 

dF  /d9  dF  /d9  dF  /d9  dF  /da 

Sj  O  SX  C  S1  S  Sj 

Therefore,  with  the  circulation  harmonics  determined,  the  appropriate  weighting  of  the  influence  functions  in  the 
superposition  Eq.  (12)  yields  the  downwash  distribution.  For  the  flapping  coefficients  Eq.  (29)  is  used. 

tfl  -  CD]  [E]  [6} 

Finally,  the  rotor  thrust  and  moments  may  be  determined  from  Eqs.  (24)  or  (26). 


We  will  now  briefly  examine  the  method  of  solution  for  the  articulated  rotor.  The  alternate  form  of  the 
blade  flapping  Eq.  (9)  will  be  used,  reversed  flow  effects  will  be  ignored,  and  only  the  first  harmonic  coefficients  w.'.U 
be  retained.  This  yields  the  following  matrix  equation  where  p^  =  1. 
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With  only  the  first  harmonics  of  circulation  retained,  Eq.  (23)  yields  the  following 

B 

F  =o,  F  *-n-r-T„  (35) 

C,  8,  A  o 

1  1  81 

Using  these  relations,  the  circulation  harmonics  may  all  be  written  as  functions  of  F0,  thus  the  matrix  of  downwash 
coefficients  becomes  a  simple  column  vector  where  the  elements  will  be  defined  as  KQ,  KCl>  KS1  respectively.  Since 
Eq.  (19)  Is  valid  for  a0  when  p  =  1,  we  may  determine  FQ  in  terms  of  aQ 

2  BoBs 

f=^,  where  K  =  Aq  -  ^  ~  (36) 

81 

We  are  now  able  to  eliminate  To  from  Eq.  (33)  and  determine  the  flapping  coefficients  in  closed  form. 
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Except  for  the  effects  of  downwash  which  are  condensed  in  K0,  Kc  ,  K8  ,  these  results  are  Identical  to  the  elementary 
expressions  given  in  ref.  15.  (In  the  notation  of  ref.  15  the  coefficients^iven  here  would  be  a0,  -aj  ,  and  -b 
respectively. )  s  s 


They  also  indicate  that  relatively  simple  approximate  analytic  expressions  for  rotor  flapping  response 
including  the  effects  of  nonuniform  downwash  may  be  obtained.  Furthermore,  within  the  constraints  of  actuator  disc 
theory,  these  expressions  can  be  obtained  from  a  rational  theory  derived  from  first  principles.  The  influence  of  the 
downwash  due  to  wake  vorticity  is  completely  contained  in  the  constants  K0,  Kc  ,  Ks  ,  therefore,  the  effects  of  any 
wake  geometry  assumptions  will  be  reflected  in  them. 
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It  is  interesting  to  note  one  additional  piece  of  information  from  the  second  form  of  the  blade  flapping 
Eq.  (9).  Examination  of  the  harmonic  content  of  the  aerodynamic  flapping  moment  shows  that  the  first  harmonic 
terms,  which  determine  the  thrust  and  moment  response  of  the  rotor,  are  not  affected  by  downwash  harmonics  higher 
than  the  second.  Thus,  only  the  first  two  harmonics  of  downwash  need  be  retained  for  prediction  of  the  rotor  thrust 
and  moment  response.  Like  the  similar  conclusion  noted  earlier  regarding  truncation  of  the  circulation  series,  we 
are  neglecting  here  the  secondary  effects  which  may  be  produced  by  the  circulation  equation. 


5.  THE  WAKE  VORTICITY  DISTRIBUTION 


Of  central  importance  to  the  general  theory  developed  above  is  the  determination  of  the  downwash  at  the 
rotor  disc  corresponding  to  each  of  a  ser  tc  of  bound  circulation  functions.  This  is  accomplished  by  integrate  n  of 
the  wake  vorticity  according  to  the  Biot-blwart  law.  But  first  we  must  determine  the  distribution  of  vorticity  in  the 
wake.  Vorticity  is  deposited  in  the  wake  by  the  bound  circulation,  which,  in  accordance  with  Helmholtz' 
theorem,  generates  trailing  and  shed  elements  of  vorticity  in  proportion  to  the  radial  and  azimuthal  gradients  of  bound 
circulation  respectively.  The  vorticity  deposited  in  the  wake  is  convected  away  from  the  rotor  by  the  resultant  fluid 
velocity.  Since  this  velocity  is  determined  in  part  by  the  spatial  distribution  of  the  wake  vorticity,  a  direct 
analytic  solution  for  both  the  downwash  and  wake  vorticity  is  virtually  impossible  to  obtain. 

In  specific  cases,  however,  approximations  to  the  convection  velocity  may  be  used  to  avoid  this  difficulty 
and  also  improve  the  utility  and  versatility  of  the  theory.  Specifically,  in  the  case  of  actuator  disc  theory,  it  is  cus¬ 
tomary  to  assume  the  convection  velocity  to  be  the  vector  sum  of  the  free  stream  velocity  and  the  mean  downwash 
velocity.  This  then  leads  to  a  skewed  cylindrical  region  cf  vorticity  originating  at  the  rotor  disc,  where  the  trailing 
and  shed  vorticity  elements  appear  as  skewed  helical  and  radial  lines  respectively,  as  shown  in  Fig.  4(a).  The  skew 
angle  is  given  by 

X  =  tan  *  (40) 

o 

BOUND 

CIRCULATION 
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Figure  4.  Skewed  wake  used  for  actuator  disc  theories, 

a)  actual  trajectories  of  wake  vorticity  elements, 

b)  equivalent  simplified  wake  system. 

It  has  been  known  that  the  helical  trailing  wake  elements  could  be  decomposed  into  a  simpler  equivalent  pattern  con¬ 
sisting  of  circles  and  straight  line  elements  which  is  shown  in  Fig.  4(b).  This  wake  geometry  was  used  for  the  down- 
waeK  calculations  presented  in  refs.  5-7  and  9.  As  discussed  above,  these  results  were  generally  restricted  to  the 
lateral  and  longitudinal  planes  of  symmetry  and  not  all  of  the  vorticity  elements  which  contribute  to  the  rotor  down- 
wash  were  treated. 
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A  further  simplification  of  the  rotor  wake  geometry  is  valid  If  certain  relatively  mild  restrictions  on  the 
rotor  operating  condition  are  accepted.  At  low  rotor  thrust  or  high  forward  velocity,  the  downwaah  becomes  small  in 
comparison  to  the  free  stream  velocity  and  the  wake  skew  angle  approaches  90*.  This  leads  to  the  limiting  case  of  a 
flat,  planar  wake  where  the  vorticity  lies  in  the  plane  of  the  rotor  disc  and  extends  infinitely  far  downstream  of  the 
rotor.  Under  these  conditions,  the  wake  for  a  rotating  wing  is  equivalent  to  the  conventional  fixed-wing  wake  geometry. 
It  should  be  noted  that  for  lifting  rotors  operating  at  very  low  advance  ratios,  however,  the  flat  planar  wake  (and  to 
some  degree  even  the  skewed  cylindrical  wake)  is  completely  Invalid,  but  for  moderate  thrust  levels  over  a  fairly  wide 
range  of  advance  ratios  it  can  be  expected  to  give  quite  reasonable  results.  The  major  benefit  of  the  flat  planar  wake 
geometry  is  the  simplification  of  integrating  the  wake  vorticity  according  to  the  Blot-Savart  law.  Furthermore,  the 
wake  skew  angle  is  eliminated  as  a  variable. 

The  restrictions  imposed  by  the  assumption  of  a  flat  planar  wake  may  be  estimated  to  first  order  by  using 
the  results  of  refs.  S  and  9  which  present  calculations  of  some  Important  downwash  properties  in  terms  of  wake  skew 
angle.  Two  of  these  are  chosen  as  criteria  for  estimating  permissible  deviations  in  wake  skew  angle.  The  first  is  the 
longitudinal  gradient  of  downwash  at  the  rotor  center  for  a  uniform  circulation  distribution,  from  ref.  5. 

(5-0) -tan*  «D 
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The  second  property  is  the  downwash  on  the  lateral  axis  (l()  =■  90*)  for  a  sinusoidal  variation  of  radially  constant  circula¬ 
tion  taken  from  ref.  9.  Both  of  these  are  plotted  as  a  function  of  wake  skew  angle  in  Fig.  5(a).  The  permissible  skew 
angle  deviation  ior  a  10%  error  in  these  two  quantities  is  noted  on  the  figure.  The  wake  skew  angle  may  be  related  to 
advance  ratio  for  any  given  value  of  rotor  thrust  coefficient  by  means  of  simple  momentum  theory  for  downwash 

X  -  C^/2 A2  +  )i2  (42) 


This  relation  is  plotted  in  Fig.  5(b)  for  a  thrust  coefficient 
rapresentaUve  a  lg  flight  condition.  In  this  way,  the 
above  wake  skew  angle  deviations  may  be  translated  into 
the  minimum  permissible  advance  ratio  for  the  flat  planar 
wake.  As  shown  in  Fig.  5(b)  the  corresponding  advance 
ratios  are  0. 10  and  0. 16.  These  results  mean  i  '.at  the 
approximate  flat  planar  wake  is  justifiable  for  conventional 
helicopter  rotors  over  a  significant  range  of  rotor  flight 
conditions.  For  substantially  unloaded,  reduced  tip  speed 
rotors  of  future  advanced  compound  rotorcraft,  the  flat 
planar  wake  would  be  fully  acceptable  with  essentially 
nbgHgibivi  rfrror  due  to  wakv  ske»  angl'd  dbvitftluftr . 


WAKE  SKEW  ANGLE ,  x.  deg 


Figure  5.  Validity  of  the  planar  wake  configuration, 
a)  selected  downwash  criteria;  b)  result¬ 
ing  minimum  advance  ratio  limit  for  10% 
allowable  error  in  downwash. 


Figure  6.  Schematic  of  constituent  elements  of  vortic¬ 
ity  in  wake  for  the  flat  planar  configuration. 


We  will  return  now  to  the  determination  of  the 
wake  vorticity  distribution,  restricting  attention  to  the  flat 
planar  wake.  As  in  the  case  of  the  skewed  cylindrical  wake, 
the  elements  of  vorticity  in  the  flat  planar  wake  may  be 
decomposed  into  simpler  constituent  elements.  The  basic 
elements  of  vorticity  are  again  illustrated  in  Fig.  6  for  the 
flat  wake.  For  clarity,  discrete  trailing  and  shed  vortex 
filaments  from  a  single  bound  circulation  element  are 
shown.  The  root  vortex  is  Included  for  generality  but  only 
exists  for  arbitrary  circulation  distributions  which  are 
finite  at  the  rotor  center.  The  arrows  indicate  the  circula¬ 
tion  direction;  the  right  hand  rule  defines  the  direction  of 
rotation  of  the  induced  velocity.  Note  that  the  shed  vortex 
filaments  imply  continuously  increasing  bound  circulation. 

The  decomposition  of  the  spiral  trailing  vortex 
element  into  simple  circular  and  linear  elements  may  be 
easily  demonstrated  geometrically.  In  Fig.  7,  the  spiral 
trailing  tip  vortex  filaments  of  two  successive  bound  cir¬ 
culation  filaments  are  traced  as  they  are  generated  by 
alternate  incremental  rotations  and  translations  of  the 
rotor.  In  this  way,  the  circular  and  linear  portions  of  the 
spiral  are  easily  visualized.  Furthermore,  the  contribu¬ 
tions  of  additional  spirals  from  other  bound  circulation 
filaments  can  be  seen  to  form  complete  circles  and  con¬ 
tinuous  linear  elements.  In  the  limit  as  Infinitesimal 
Increments  are  taken,  the  trailing  wake  forms  a  continuous 
distribution  of  circular  and  longitudinal  elements  of  vorticity. 

In  a  similar  manner,  it  may  be  shown  that  the 
radial  shed  vorticity  elements  can  be  represented  by  suc¬ 
cessive  circles  distributed  behind  the  rotor  disc,  with  the 
shed  vorticity  oriented  on  the  radii  of  the  circles. 
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Figure  7.  Decomposition  of  spiral  trailing  vorticity 
element  into  equivalent  circular  and 
longitudinal  elements. 


In  summary,  the  elements  of  vorticity,  Fig.  8,  which 
contribute  to  the  rotor  downwash  are  the  circular  and 
longitudinal  elements  of  trailing  vorticity  (yc,  y^),  the 
radial  elements  of  shed  vorticity  (yB)  and  the  bound  cir¬ 
culation  distribution  (y^).  Note  that  the  root  vortex  (yr),  if 
present,  is  a  special  part  of  the  longitudinal  trailing  vor¬ 
ticity,  although  it  is  a  finite  strength  vortex  filament. 

Unlike  the  root  vortex,  all  other  elements  are  in  the  form 
of  continuous  (or  piecewise  continuous)  distributed  vorticity. 
In  the  special  case  of  azimuthally  constant  bound  circula¬ 
tion,  the  shed  vorticity  vanishes  and  the  bound  circulation 
contribution  to  the  downwash  is  zero.  Therefore,  only  the 
trailing  vorticity  elements  need  by  considered.  In  general, 
however,  each  of  the  above  elements  will  contribute  to  the 
rotor  downwash  and  none  can  be  ignored. 


One  final  step  in  decomposing  the  wake  vorticity  elements  is  to  resolve  the  circular  and  radial  elements 
into  their  orthogonal  x  and  y  components.  The  wake  vorticity  is  then  in  a  form  directly  amenable  to  the  Biot-Savart 
integrations.  These  components  are  shown  schematically  in  Fig.  9  in  relation  to  the  rotor  coordinate  system.  It  is 
convenient  to  define  specific  regions  of  the  wake  which  are  labelled  in  the  figure.  These  are  the  front  half,  region  (D  , 
and  the  rear  half,  region  <2>  ,  of  the  rotor  disc,  and  wake  behind  the  rotor,  region  (3)  .  The  wake  in  regions  <D  and 
©  will  also  be  referred  to  as  the  interior  wake,  while  region  ®  will  be  called  the  exterior  wake.  Note  the  positive 
sign  conventions  for  the  orthogonal  wake  vorticity  components. 
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Figure  8.  Schematic  of  each  decomposed  constituent 
element  of  vorticity  in  flat  planar  wake. 


Figure  9.  Boundaries  of  vorticity  of  flat  planar  wake, 
rotor  coordinate  system,  wake  regions,  and 
orientation  of  positive  vorticity  components. 


5. 1  Differential  Wake  Vorticity  Elements.  With  the  wake  vorticity  broken  into  the  various  elements  discussed  above, 
it  is  appropriate  to  now  derive  the  relations  for  their  strength  in  terms  of  the  bound  circulation  gradients.  This  process 
may  be  broken  down  into  three  steps.  First,  the  differential  trailed  and  shed  circulation  deposited  from  a  specific 
radial  location  of  the  rotor  is  determined,  according  to  Helmholtz'  theorem.  Second,  the  spatial  distribution  of  this 
differential  wake  circulation  is  defined  giving  the  differential  circulation  per  unit  distance,  or  the  differential  wake 
vorticity.  Third,  the  contributions  from  all  radial  locations  are  integrated  for  the  final  wake  vorticity. 

5. 1. 1.  Different  Circulation  in  Wake  —  Consider  first  the  trailing  vorticity  deposited  from  radius  r  by  a  rotor  blade 
having  angular  velocity  0,  shown  in  Fig.  10.  According  to  Helmholtz'  theorem,  the  trailed  circulation  in  the  annulus  of 
width  dr  is  proportional  to  the  radial  gradient  of  bound  circulation  but  it  will  also  increase  continuously  as  the  blade 
rotates.  Therefore,  the  infinitesimal  rate  of  change  of  circulation  is  proportional  to  time  and  radial  differentials  and 
is  therefore  second  order.  Similar  reasoning  applies  to  the  differential  shed  circulation  of  Fig.  10.  Thus,  for  the 
actuator  disc  we  have, 


,2_ .  ,,  Qdt ar .  ... 
d  rt(r’*)='i7  sF<r’*,dr' 


2  fidt 

dV'*)  =  i?i*(r**)tto 


Note  that  the  positive  vector  quantities  for  these  differential  circulation  elements  are  indicated  in  Fig.  10. 

5. 1.2.  Differential  Wake  Vorticity  —  We  now  consider  the  differential  vorticity  due  to  the  circular  and  longitudinal 
elements  of  the  trailing  spiral  wake.  The  Incremental  angular  rotation  di l>  and  translation  df  of  the  rotor  in  a  time 
Increment  dt  together  with  the  associated  differentials  of  trailed  circulation  are  shown  in  Fig.  11.  (Note  the  similarity 
with  Fig.  7).  The  strength  of  the  circular  and  longitudinal  elements  d2IJ,  and  d2^  are  equal  to  given  by 
Eq.  (43).  As  mentioned  above,  the  circular  element  may  be  resolved  into  x  and  y  components  which  are  also  shown 
in  Fig.  10  and  are  equal  to  d2I{.  Since  vorticity  is  defined  as  circulation  per  unit  length,  the  components  of  vorticity 
trailed  from  radius  r  at  a  lateral  distance  y  in  the  wake  are 

d2r  d2r  d2r 

d\— d ffe)’  dV~3/’  "VST  (14» 
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Figure  10.  Differential  circulation  shed  and  trailed 
from  rotor. 


Figure  11.  Schematic  of  spatial  distribution  of 
differential  circular  and  longitudinal 
circulation  elements  of  trailing  wake 
for  successive  incremental  rotations 
and  translations  of  the  rotor. 


where  dt  =  U  dt,  dx  ■  -y  dp,  dp 


1  Odt,  and  dy  =  v4^-y2  dp.  Note  that  dyc  must  be  multiplied  by  the  ratio  dx/d l 


because  the  vector  d^rc  extends  only  over  the  dx  portion  of  the  length  d f.  We  now  have, 


dX  (y,  r)  =  - 
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(45) 


The  sgn  functions  reflect  the  change  in  vector  orientation  of  the  differential  circulation  around  the  azimuth.  The  use 
of  x  appearing  in  these  equations  refers  to  the  x  location  on  the  rotor  disc  where  the  element  of  vorticity  originated. 
These  expressions  give  the  differential  wake  vorticity  at  a  lateral  position  y  due  to  trailing  circulation  deposited  from 
radius  r.  A  significant  characteristic  of  the  wake  vorticity  is  revealed  in  these  equations.  The  vorticity  due  to  the 
circular  element  of  trailing  circulation  is  inversely  proportional  to  advance  ratio,  while  the  longitudinal  element  is 
independent  of  fL  The  former  variation  reflects  the  increased  spacing  between  successive  circles  deposited  at  time 
intervals  dt  as  the  rotor  translation  velocity  increases.  The  significance  of  this  result  is  that  it  gives  some  insight 
into  the  effects  of  advance  ratio  on  the  variation  of  wake  vorticity  and  hence  rotor  dowmvash. 


5. 1. 3.  Integrated  Wake  Vorticity  —  To  account  for  the 
vorticity  trailed  from  each  radial  location,  Eq.  (45)  must 
be  integrated  over  the  rotor  radius.  The  integration  limits 
will  depend,  however,  on  the  lateral  position  y  if  the  point 
of  interest  is  in  the  exterior  wake  and  on  both  x  and  y  if 
the  point  is  in  the  interior  wake.  We  will  first  consider 
points  in  the  exterior  wake,  or  region  (3)  in  Fig.  9.  The 
circular  trailing  vorticity  elements  for  all  radii  are 
sketched  in  Fig.  12(a):  only  those  circles  where  r  *y 
contribute  to  the  vorticity  at  y.  Therefore,  the  range  of 
integration  will  be  y  s  r  s  R.  Furthermore,  both  the  left 
and  right  portions  of  the  circular  elements  contribute  to 
the  wake  vorticity,  requiring  two  integrations,  the  paths  of 
these  integrations  are  diagrammed  in  Fig.  12(b).  These 
two  Integrations  are  generally  equal  in  magnitude  thereby 

doubling  or  cancelling  the  wake  vorticity,  depending  on  the  sign  of  the  integrand.  Then  for  region  (3)  ,  Eq.  (45)  yields 


Figure  12.  a)  Radii  contributing  to  vorticity  at 

point  y  in  external  wake,  b)  schematic 
of  integration  path. 


y(3)<y>  “  2  J*  dy^(y,r)dr,  oryffl)(y)  =  0 


(46) 


Consider  next  a  point  in  region  (D  of  the  interior  wake.  Again,  the  circular  trailed  vorticity  elements  for  all  radii 
are  shown  in  Fig.  13(a).  Since  we  are  now  fixed  in  the  rotor  disc  x,y  coordinate  system,  these  are  circular  elements 
which  were  shed  by  the  rotor  at  its  present  position.  (Previously  deposited  circular  elements  have  been  swept  behind 
the  rotor  a  distance  x  =  Uxt  and  for  clarity  are  not  shown  in  Fig.  13(a).)  Circular  elements  of  r  2  v/x2+y2  will  pass 
over  the  point  -x,  y  as  they  are  swept  rearward  and  thereby  contribute  to  the  vorticity.  However,  those  of 
r  <  i/x2+y2  will  be  swept  behind  the  rotor  without  passing  over  the  point  of  interest  and  clearly  will  not  contribute 
to  the  vorticity.  Therefore,  the  appropriate  limits  of  integration  are  */x^+y2  <.  r  £  R  which  are  also  diagrammed 
in  Fig.  13(b).  Similar  reasoning  applies  for  vorticity  in  region  ©  and  we  have 
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Figure  13.  a)  Radii  contributing  to  vorticity  at 
point  -x,  y  in  region  ®  of  interior 
wake,  b)  schematic  of  integration  path. 


Figure  14.  Schematic  of  spatial  distribution  of 

differential  circulation  elements  of  shed 
wake  for  successive  incremental  trans¬ 
lations  of  rotor. 


R  R 

V@<X,y)  ’  ^  r>dr  +  J/"2 — 2dy(2)<y’ f>dr  <47) 

The  expressions  for  wake  vorticity  presented 
above  were  developed  for  the  general  case  of  a  radially 
varying  rotor  circulation  distribution.  It  is  of  Interest  to 
consider  a  special  restricted  case,  that  of  radially  constant 
rotor  circulation.  This  implies  that  all  trolling  vorticity 
is  shed  at  the  rotor  perimeter,  i.e. ,  as  tip  vortices.  The 
above  expressions  for  vorticity  are  then  easily  developed 
without  the  need  for  radial  integration.  Corresponding  to 
Eq.  (43)  the  differential  trailing  circulation  Is  glveif  by 
drt(0)  a  r«i)  0  dt/2ff.  Then  corresponding  to  Eq.  (45) 
we  have 


V2*<‘"Zv' 


r 

'  2l?pR  ’ 


r 

2»»A2-y2 


(48) 


These  formulas  are  valid  for  the  Interior  wake,  in  regions 
(D  and  (2>  .  However,  in  the  exterior  wake  they  either 
double  or  cancel,  depending  on  the  azimuthal  variation  of 
rotor  circulation. 

We  have  now  determined  general  relations  for 
the  vorticity  due  to  the  x  and  y  components  of  the  circular 
trailing  vorticity  and  the  longitudinal  trailing  vorticity  ele¬ 
ment  for  a  flat  planar  wake.  We  must  now  treat  the  resolved 
components  of  the  shed  vorticity  elements.  The  differential 
circulation  element  d2rg  shed  from  radius  r  at  a  lateral 
point  y  ar  d  swept  downstream  a  distance  dl  in  time  incre¬ 
ment  dt  ie  shown  in  Fig.  14.  The  resultant  components  of 
wake  vonlclty  are 


dv 


d2r 


,_!x/dx\ 

dy  \d  t)  ’ 


dy 


(49) 


Since  dx  ■  cos  0  dr,  dy  =  sin  0  dr,dX  =  U»  dt  and  d2r 


=  d2r 

s 


2 

>  d  r  given  by  Eq.  (43),  we  have 


i  far  .  .. 

2trpR  30  (r’^ 


d0 

tan  0 


(50) 


During  a  differential  rotation  d0  for  constant  y,  tan  0  dr  =  r  d0  and  we  have 

3_BKnixjfer ,  Jdr  ,  _  sgnfc)  feT  . 

ra  2v$\  p0'  r  '  rB  2l7fiR  30 1  ,w 


(51) 


For  dy8  ,  the  previously  derived  integration  limits  for  r  apply,  however,  it  is  advantageous  to  integrate  azimuthally 
for  dyg  xdue  to  its  simpler  form.  The  limits  are  0r  s0  « 0^  in  regions  ®  and  ©  where  0r  ■*  sin** y//x2+y2  and 
0r  =>  sin-1  y/R.  In  region  <3>  the  limits  are  0^  <  0  fiir  -  0^.  Note  that  the  shed  wake  vorticity  components  are 
inversely  proportional  to  advance  ratio,  as  were  the  circular  elements  of  trailed  vorticity. 

The  remaining  elements  of  vorticity  which  can  contribute  to  downwash  are  the  bound  circulation  distribu¬ 
tion,  and  a  root  vortex  if  present.  The  root  vortex  will  be  present  if  radial  circulation  distributions  are  used  which 
are  finite  at  the  rotor  center.  Although  physically  unrealistic,  this  may  occur  for  certain  approximate  circulation 
distributions.  If  so,  the  root  vortex  will  be  equal  in  strength  to  the  integrated  average  of  circulation  around  the 
azimuth  for  r  =  0.  This  is  just  the  total  bound  circulation  strength  of  the  rotor  since  harmonics  of  the  circulation 
will  not  contribute  to  the  root  vortex. 

The  bound  circulation  will  contribute  to  the  rotor  downwash  if  azimuthal  harmonics  are  present.  In  this 
case,  the  vorticity  is  radially  oriented  and  is  simply  the  circulation  divided  by  the  aiv.'ilar  distance  at  eaoh  radius. 
Thus  yb(r,0)  =r(r,0)/2irr. 
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To  demonstrate  the  application  of  the  vorticity  relations  derived  above,  some  example  results  will  be 
given.  For  a  radially  uniform  circulation  distribution  having  a  mean  and  first  harmonic  sine  a  id  cosine  variation, 
the  associated  contributions  to  the  wake  vorticity  have  been  derived.  These  are  given  in  Table  2  and  illustrate  some 
interesting  features  of  the  wake.  Note  that  the  rotor  coordinates  x,  y,  r  have  been  made  dimensionless  by  R  becom¬ 
ing  i>  fj.  0.  For  many  of  the  wake  vorticity  components,  the  vorticity  is  Invariant  with  x  except  when  crossing  from 
the  interior  to  the  exterior  wake  where  the  vorticity  either  doubles  in  value  or  vaninhes.  In  all  cases,  the  vorticity 
is  Invariant  with  x  in  the  exterior  wake.  Note  that  the  shed  vorticity  does  depend  on  x  in  the  interior  wake,  but  ‘hat 
Oil  the  lateral  axis  (x  =■  0)  the  vorticity  is  equal  to  1/2  the  value  in  the  exterior  wake  (if  finite).  Furthermore,  the 
change  in  vorticity  from  the  value  at  x  •  0  is  either  an  odd  or  even  function  of  x. 


Table  2.  Components  of  wake  vorticity  for  radially  constant,  first  harmonic  rotor  circulation 

distribution,  T  =  T  +  T  cos  i /)  +  T  sin  <|> 
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6.  INDUCED  VELOCITY 


The  expressions  for  the  various  elements  of  wake  vorticity  enable  the  calculation  of  the  rotor  downwash 
using  the  Biot-Savart  law.  This  is  given  in  differential  form  in  the  following  equation. 


d  w(xo,yo) 


j  Yx(x,y)[y-y0]  +>v(x,y)[x-xo] 

4ff  r.  .2  .2,3/2 

[(x-xq)  +  (y-yo)  ] 


dx  dy 


(52) 


The  double  integration  must  be  carried  out  over  the  entire  wake  region  of  Fig,  9.  The  order  of  integration  in  x  and  y 
depends  upon  convenier.ce  and  also  avoiding  difficulties  with  singularities.  Because  of  the  relative  simplicity  of  some 
of  the  expressions  for  vorticity,  much  of  the  integration  may  be  carried  out  analytically,  but  in  general,  numerical 
integration  will  also  be  required.  After  the  downwash  distributions  have  been  obtained,  it  is  a  relatively  straight¬ 
forward  matter  to  Fourier  analyze  the  results  to  obtain  the  downwash  influence  functions.  Some  results  of  this  type 
will  be  presented  below. 

It  is  of  some  interest  to  discuss  the  relation  between  the  symmetry  properties  of  the  wake  vorticity  and  the 
downwash  distribution.  This  is  because  the  harmonic  content  of  the  downwash  can  be  determined  in  part  from  its 
symmetry.  As  discussed  earlier,  only  the  first  two  downwash  harmonics  directly  influence  the  rotor  thrust  and 
moment  response.  Therefore,  the  symmetry  relations  will  enable  certain  information  about  the  eventual  influence 
on  rotor  response  to  be  determined  from  the  wake  vorticity  distribution  alone. 

We  will  consider  briefly  only  one  example,  where  the  component  of  vorticity  in  the  exterior  wake  is  twice 
the  value  in  the  interior  wake  but  otherwise  only  a  function  of  y.  We  are  Interested  in  the  symmetry  of  downwash  with 
respect  to  the  y  axis,  therefore  the  pairs  of  points  on  th  '  lines  x  =  ±x  shown  in  Fig.  15.  The  vorticity  in  the  interior 
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Figure  15.  Geometric  demonstration  of  symmetry 
relations  of  downwash. 

Table  3.  Downwash  harmonics  excluded. 


and  exterior  wake  is  labelled  lx  and  2x  respectively  to 
represent  the  doubling  factor.  Now  when  the  yx  component 
of  vorticity  ie  Invariant  with  x,  the  downwash  induced  at  a 
point  P  by  elements  of  the  wake  equidistant  upstream  and 
downstream  of  P  will  be  identical.  As  a  result,  wake 
filaments  extending  upstream  of  P  may  be  flipped  over  to 
coincide  with  equal  length  dow’nstream  filaments  without 
changing  the  downwash  at  P.  Using  this  basic  procedure 
on  the  points  at  ±x  yields  the  equivalent  wake  systems 
shown  in  Fig.  15.  Thus  the  downwash  is  composed  of  two 
terms,  one  due  to  a  double  strength  semi-infinite  rectang¬ 
ular  wake  and  the  other  due  to  an  irregular  shaped  temnant. 
The  remnant  wake  differs  only  in  sign  for  the  points  ±x 
therefore  its  contribution  is  an  odd  function  of  x,  or  anti¬ 
symmetric  about  the  y  axis.  It  is  relatively  simple  to 
demonstrate  that  wake  vorticity  which  is  an  even  or  odd 
function  of  y  will  produce  a  downwash  distribution  which  Is 
correspondingly  an  odd  or  even  function  of  y.  It  may  be 
shown  that  these  symmetry  characteristics  lead  to  the 
exclusion  of  downwash  harmonics  shown  in  Table.  3 


An  example  will  illustrate  these  results.  Con¬ 
sider  the  yc  component  of  vorticity  for  uniform  circulation 
(see  Table  2)  which  doubles  in  the  exterior  wake  and  is  an 
odd  function  of  y.  The  downwash  will  thus  be  symmetric 
about  the  x  axis,  and  the  remnant  wake  will  produce  a 
downwash  contribut*  n  antisymmetric  about  the  y  axis.  As 
a  result,  no  sine  or  even  cosine  harmonic  influence  functions 
will  exist.  Similar  relations  may  also  be  deduced  for  other 
components  of  vorticity  and  also  for  vorticity  distributions 
which  are  functions  of  both  x  and  y  in  the  interior  wake.  The 
symmetry  relations  may  be  used  to  demonstrate  an  interesting 
parallel  between  the  downwash  of  a  fixed  wing  and  the  downwash  on  the  lateral  axis  of  a  rotor.  As  Bhown  above,  when  the 
x  component  of  vorticity  is  independent  of  x  within  the  interior  and  exterior  regions,  only  the  semi-infinite  rectangular 
portion  of  the  equivalent  wake  will  contribute  •«  iownwash  on  the  lateral  axis.  Since  this  is  identical  to  the  wake  config¬ 
uration  of  a  fixed  wing,  the  downwash  will  be  identical  for  equivalent  vorticity  distributions. 
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7.  QUANTITATIVE  RESULTS 

The  present  quantitative  results  are  preliminary  and  are  limited  to  the  downwash  influence  functions  for 
one  rotor  circulation  distribution,  that  of  uniform  circulation.  These  results  permit  a  graphic  interpretation  of  the 
distribution  of  induced  velocity  on  the  rotor  disc  for  each  of  the  contributing  wake  vorticity  elements.  For  uniform 
circulation,  these  elements  consist  of  the  two  components  of  the  circular  trailing  vorticity,  yc  ,  yc  ,  the  longi¬ 
tudinal  trailing  vorticity  y/,  and  the  root  vortex,  yr.  These  elements  are  given  in  Table  2.  Both  f^he  vorticity 
and  corresponding  downwash  distributions  are  shown  in  Fig.  16  in  isometric  plots.  For  the  downwash  of  the  longi¬ 
tudinal  trailing  vorticity  and  the  root  vortex  the  advance  ratio  was  chosen  to  be  unity.  In  this  way  the  downwash  dis¬ 
tributions  could  be  plotted  with  comparable  vertical  scales.  All  four  are  equal  except  the  downwash  of  the  root  vortex 
which  is  reduced  by  1/2.  The  vorticity  elements,  however,  are  not  drawn  to  scale.  The  radii  of  the  downwash  plots 
are  limited  to  r/R  ^  0.95  since  for  uniform  circulation,  the  downwash  generally  becomes  infinite  at  the  rotor  perimeter. 
For  the  same  reason,  the  downwash  of  the  root  vortex  singularity  is  truncated  at  9=  0°  and  for  r/R  sO.  25,  These 
downwash  distributions  show  the  familiar  fore-aft  gradient  on  the  longitudinal  axis  due  to  the  circular  trailing  vorticity 
elements.  Furthermore,  the  full  azimuthal  distributions  presented  here  also  reveal  that  significant  nonuniformities 
are  present  at  w  =  90°  and  270°  due  to  the  Vcx  vorticity  component.  Both  the  longitudinal  trailing  vorticity  and  root 
vortex  are  shown  to  produce  laterally  asymmetric  downwash  distributions  which  will  be  increasingly  predominant  at 
higher  advance  ratios.  The  lateral  asymmetry  for  a  uniform  azlmuthwise  circulation  distribution  has  not  been  evident 
in  other  actuator  disc  theories  because  these  two  vorticity  elements  are  typically  neglected.  Figure  17  includes 
conventional  plots  of  the  downwash  distributions  and  the  corresponding  influence  functions.  The  downwash  nonuniform¬ 
ities  of  the  Vcx  vorticity  component  are  manifest  as  odd  cosine  harmonic  influence  functions.  The  VCy  component,  in 
contrast,  yields  only  a  single  influence  function,  the  first  cosine  harmonic.  Since  the  downwash  of  the  Vp  and  Yr 
vui  tLlty  element.,  is  anfisymniStrlC  about  the  x  axis,  only  Siht.  Ii&rcTietiC  ir  ilaehOc  functions  exist.  Hub  that  Influence 
functions  V®  for  Yr  are  equal  for  all  n.  Although  these  results  are  limited  to  the  uniform  circulation  distribution, 
we  now  have  an  indication  of  the  downwash  on  the  entire  disc,  and  a  first  set  of  downwash  Influence  functions  for  the 
flat  planar  wake  configuration. 

A  final  figure  is  included  to  illustrate  the  total  downwash  due  to  the  superimposed  contributions  of  the 
various  wake  vorticity  elements.  For  a  specified  uniform  circulation  i  stribution  the  total  downwash  will  be  uniquely 
determined  by  tie  edvance  ratio  Therefore,  Fig.  18  depicts  Wj metric  plots  (jt  three  advance  ratios  ft  -  0, 0,  b  25. 
and  0.75.  The  zero  advance  ratio  case  is  idealized  in  that  the  flat  planar  wake  is  not  valid  for  this  condition.  These 
plots  depict  the  increasing  asymmetr;  of  the  downwash  as  the  advarce  ratio  increases.  The  powerful  influence  of  the 
Foot  vc  resit  b  ulik  evident.  Out  ie  sftcTwn  I  y  p  *  0.  ?5  1ft  Fig.  18  vihtefc  negleetc  At  fwA  v-xfeft  ftoMRtatton* 

Physically  this  corresponos  to  the  downwash  produced  by  the  tip  vorticity  trailed  from  the  rotor  disc  perimeter.  This 
figure  indicates  hov,  the  downwash  gradients  from  two  vorticity  elements,  yCx  and  y  f  are  mutually  reinforce  and 
attenuate  one  another  at  ||>  =  90°  and  270°  respectively.  Thus  at  i/j  =  90°,  for  high  advance  ratios,  the  impulsive  loads 
on  the  blade  will  be  severe,  especially  since  the  velocity  is  greatest,  whereas  the  reduced  gradient  and  lower  velocity 


Isometric  plots  of  vorticity  and  downwash  elements  for  uniform  circulation  distribution. 


Downwash  distributions  and  corresponding  influence  functions  from  vortlclty  elements  of  figure  16, 
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Figure  18.  Variation  of  downwash  distribution  with  advance  ratio  for  uniform  circulation. 


at  </)  ■  270*  combine  to  virtually  eliminate  the  Impulsive  loading.  Therefore  retreating  rotor  blade  problems  due  to 
the  time-averaged  downwash  distribution  are  lessened  In  comparison  to  the  advancing  blade,  a  striking  departure  from 
the  customary  behavior  of  rotary  wings. 

8.  CONCLUDING  REMARKS 

For  rotors  assumed  to  be  characterized  by  an  actuator  disc,  a  proper  definition  of  the  rotor  potential 
flow  problem,  for  application  to  downwash  and  response  predictions,  has  been  proposed.  An  appropriate  theory  and 
method  of  solution  are  outlined  which  should  be  sufficiently  simple  and  versatile  to  give  a  better  understanding  of  the 
complex  physical  features  and  influences  of  the  rotor  circulation  and  downwash  distributions.  The  Important  results 
obtained  from  the  derivation  and  the  numerical  results  will  be  noted  below. 

1)  A  simple,  flat  planar  wake  has  been  found  to  be  a  valid  configuration  for  the  wake  vorticity  down  to 
advance  ratios  of  around  n  =  0. 15  for  a  nominal  rotor  thrust  coefficient. 

2)  The  rotor  blade  flapping  equation  reveals  that  only  the  second  and  lower  harmonics  of  circulation  or 
downwash  directly  influence  the  rotor  thrust  or  moment.  This  Implies  that  a  reasonable  approximation  for  the  exact 
solution  of  the  theory  would  be  to  truncate  Fourier  coefficients  beyond  the  second  harmonic. 

3)  Examination  of  the  wake  vorticity  elements  reveals  that  they  fall  into  two  groups,  those  whose  strength 
varies  inversely  with  advance  ratio  and  those  which  are  invariant. 

4)  The  numerical  downwash  results  show  large  gradients  at  the  advancing  and  retreating  azimuth  locations 
and  their  variation  with  advance  ratio.  The  longitudinal  vorticity  elements  which  are  usually  ignored  are  shown  to 
cause  significant  lateral  asymmetries  in  the  downwash. 
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5)  The  uniform  circulation  distribution  has  undesirable  characteristics  evidenced  in  the  infinite  downwash 
at  the  rotor  perimeter,  and  the  discrete  root  vortex.  The  radial  circulation  distribution  must  be  chosen  to  be  zero  at 
r  »  0  and  R  to  give  realistic  results. 

6)  Future  efforts  must  obtain  additional  influence  functions  in  order  to  use  the  present  theory  to  predict 
rotor  response. 
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SUMMARY. 


Tho  results  i  a  se*  of  experiments  devised  to  measure  the  velocity  distribution  through  o  helicopter 
rotor  blade  tip  vortex  ar^  projected.  The  .xper.ments  were  conducted  >n  a  single  full  scale  rotor  blade 
operating  at  a  rc-presentati ve  tip  a peed  on  a  whirl  tower.  The  rotor  wuo  mounted  in  the  inverted  position 
(i.e.  thrusting  downward)  to  reduce  the  ground  effects  and  produce  a  steady  flow  through  the  rotor.  The 
vortex  velocity  distribute  ns  were  measured  for  a  range  of  vortex  "ages”  and  a  number  of  blade  loadings, 
the  highest  of  which  was  above  that  normally  associated  with  a  hovering  rotor.  A  vortex  'age1  range  in 
terms  of  blade  rotation  of  approximately  70  to  380  of  azimuth  was  covered. 

Flow  visualisation  using  smoke  was  employed  to  determine  the  trajectory  of  ‘he  vortex  and  a  hot  wire 
anemometer  to  measure  the  induced  velocities  associated  with  the  tip  vortex. 

NOTATION. 

U  (r)  Tho  vortioity  function  expressed  in  terns  of  the  distance,  r  ,  from  the  axis  of  symmetry  of  the 
vortex. 

q  Circumferential  virtex  induced  flow, 

A  The  magnitude  of  the  vortici  ty  in  the  central  region  (vortex  centre  line  to  r  ) 

B,C  Constants  describing  vortioity  distribution  outside  central  region  (r  -  r, )(; 

*N  0  1 

r  Outer  boundary  of  constant  vortioity  region. 

Outer  boundary  of  vortioity  distribution  associated  with  the  vortex. 

1.  INTRODUCTION. 

The  accurate  prediction  of  rotor  performance,  rotor  limit  conditions,  .vibratory  loads  and  the  rotor 
noise  are  becoming  an  increasingly  important  requirement  in  the  early  stages  of  helicopter  design.  Reliable 
theoretical  methods  are  essential  in  erder  to  predict  these  parameters  with  the  accuracy  required  by  the 
designer.  The  precision  with  which  these  qualities  may  be  determined  relie3  upon  a  detailed  knowledge  of 
the  aerodynamic  loading  on  the  rotor  blade  and  hew  it  varies  around  the  disc.  One  of  the  most  difficult 
features  to  determine  in  the  estimation  of  the  aerodynamic  loading  is  the  induced  flow  through  the  rotor. 

Many  theoretical  models  of  a  helicopter  rotor  wake,  in  both  hover  and  forward  flight,  have  been  developed 
in  Europe,  United  States  and  the  U.K.,  in  an  effort  to  improve  upon  the  commonly  U3ed  uniform  induced  flow- 
momentum  theories.  The  majority  of  these  models  represent  the  rotor  wake  by  a  system  of  trailing  vortices. 
They  vary  in  complexity  from  the  relatively  simple  concepts  of  Willmer,(l)  who  used  a  set  of  semi  and 
doubly  infin  je  vortex  lines,  to  the  more  complex  free-wake  models  3uch  as  those  of  Crimi,(2)  Landgrebe, (3) 
and  more  recently  Clark  and  Leiper  (4).  All  these  mathematical  models,  by  necessity,  make  assumptions  on 
the  structure  of  the  tip  trailing  vortex.  Some  methods  assume  a  finite  core  3ize  to  the  vortex,  others 
limit  the  maximum  velocities  to  some  arbitrary  figure.  These  assumptions  have  been  necessary  due  to  the  lack 
of  experimental  information  and  may  have  been  acceptable  ir.  the  past,  but  as  the  wake  models  become 
increasingly  more  sophisticated  the  validity  of  the  assumptions  must  be  open  to  question.  Such  queries 
become  particularly  significant  when  considering  wake  deformation  and  the  proximity  of  the  trailing  vortex 
to  the  following  blades.  The  tip  trailing  vortices  may  lie  within  one  chord's  width  of  the  blade  through¬ 
out  a  large  region  of  the  helicopters  flight  envelope. 

An  experiment  was  carried  out  by  Simons  et  al  (5)  whore  the  velocity  distribution  through  the  vortices 
was  measured  on  a  model  rotor  using  hot  wire  anemometry  techniques.  This  experiment  showed  the  techniques 
of  using  a  hot  wire  probe  to  be  possible,  but  the  results  are  restrictive  in  application  due  to  the  small 
scale  of  the  rotor  and  the  low  tip  speed  employed.  An  experiment  was  therefore  devised  to  measure  the 
velocity  distribution  through  the  tip  vortex  of  a  full  scale  rotor. 

2.  DESCRIPTION  OF  TEST  FACILITY. 

The  experiment  was  carried  out  using  a  standard  pro’uction  blade  mounted  on  a  whirl  tower  (shown  in 
fig.l),  normally  used  for  the  balancing  and  tracking  of  production  blades.  The  power  supply  was  from  a 
400  h.p,  electric  motor,  capable  of  running  in  either  direction.  The  blade  and  hub  were  mounted  in  the 

inverted  position  and  rotated  in  the  opposite  direction  from  standard,  producing  a  rotor  that  thrusts 
downward.  This  method  of  mounting  has  a  distinct  advantage  in  that  the  ground  effect  is  reduced  and  a  far 
steadier  flow  through  the  rotor  is  produced  on  a  tower  whose  height  from  ground  level  to  hub  centre  is  only 
19  ft.  A  single  blade  was  attached  to  the  hub  with  a  large  counterbalance  weight  attached  diametrically 
opposite  to  balance  the  centrifugal  forces.  Tho  single  blade  and  to  some  extent  the  presence  of  the  ground 
produces  a  tip  vortex  path  that  remains  'below'  the  rotor  disc  for  more  than  one  revolution.  This  feature 
enabled  the  velocity  measuring  equipment  to  be  positioned  below  the  rotor  and  moved  both  radially  and 
vertically  with  comparative  ease.  In  addition  the  use  of  a  single  blade  meant  that  high  blade  loadings  could 
be  obtained  with  the  limited  power  available.  The  rotor  was  28  ft.  radius,  with  a  blade  chord  of  1.367  ft, 

8  overall  washout  and  NACA  0012  section.  The  blade  tip  cap  was  similar  in  design  to  that  of  a  standard 
Sikorsky  S58  rotor  blade,  extending  6}  inches  beyond  the  spar  at  the  quarter  chord  reducing  to  1  inch  at  the 
trailing  edge.  A  tip  speed  of  600  ft/sec.  was  used  throughout  the  test  program.  The  whirl  tower  had  the 
facility  to  measure  rotor  thrust  and  power. 

3.  DESCRIPTION  OF  EXPERIMENT. 

Success  of  the  experiment  relied  on  the  steady  nature  of  the  flow  tlrough  the  rotor,  absolutely  still 
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air  conditions  and  the  ability  to  determine  accurately  the  trajectory  of  the  tip  vortox.  The  requirement 
that  the  tip  vortex  centre  should  pa3o  exactly  through  th"  | robe  meant  that  these  features  were  essential. 

3.1.  Flow  visuallsatl _n 

The  trajectory  of  the  tip  vortex  was  determined  by  tailing  a  largo  number  of  'still'  photographs  of  the 
flow,  made  visible  by  injecting  smoko  into  the  rotor  flow  field.  The  smoke  was  generated  by  a  commercial 
distress  flare  housed  in  a  small  container  with  a  supply  of  coopre3sed  air.  The  smoke  was  piped  to  a  five 
pro’iged  rake  mounted  vertically,  just  above  and  outside  the  rotor  disc.  In  this  position  the  smoke 
becomes  entrained  in  the  tip  vortex  .aking  the  passage  of  the  vortex  clear  over  more  than  one  revolution 
of  the  rotor.  A  set  of  photographs  was  taken  using  two  hand  operated  cameras  positioned  in  the  disc  plane 
and  at  right  angles  to  the  rake.  The  sequence  of  photographs  in  figure  2  shew  the  passage  of  the  tip 
vortex  during  on”  revolution  of  the  rotor.  (The  photographs  were  not  obtained  during  one  revolution 
consequently  they  are  not  at  equal  time  intervals).  photographs  have  been  sequenced  t)  give  an 

indication  of  the  progress  of  the  vortex  across  the  rotor  disc  .  The  rotor  hub  is  to  the  left  of  the 
picture  and  the  blade  is  advancing  towards  the  camera. 

A  large  number  of  these  photographs  were  processed  to  obtain  the  path  of  the  vortex  during  its  period 
below  the  disc,  an  example  of  which  is  shown  in  figure  3.  The  scale  of  the  photographs  was  obtained  from 
the  knowledge  of  the  dimensions  of  the  rake.  Figure  3  also  3hows  the  position  (below  the  blade)  of  the 
vortex  from  the  preceding  blade  passage.  It  is  interesting  to  note  the  rnpid  change  of  direction  of  the 
vortex  from  the  predominately  spanwise  movement  to  a  combined  spanwi3e  and  vertical  movement  after  the 
following  blade  has  passed  over  the  vortex,  the  change  in  direction  being  principally  due  to  the  presence 
of  the  'new'  tip  vortex  outboard.  The  presence  of  an  axial  velocity,  along  the  vortex  in'  the  direction 
of  rotation  of  the  rotor  can  be  observed  from  the  photographs.  The  smoke  entrained  near  the  centre  of 
the  vortex  is  seen  to  move  circumferentially  around  the  rotor  disc  by  a  substantial  amount  during  one 
revolution  of  the  rotor.  A  crude  estimate  of  the  magnitude  of  the  vortex  axial  velocity  suggests  that  it 
is  of  the  order  of  a  tenth  of  the  tip  speed,  but  further  detailed  investigation  would  be  necessary  for  a 
reliable  estimate.  Photograph  2  of  the  sequence  shown  in  figure  2  shows  the  blade  having  just  passed  through 
the  smoke  trails  leaving  a  distinct  tip  vortex,  illustrating  the  very  rapid  rolling  up  of  the  trailing 
vorticity. 

The  trajectory  of  the  tip  vortex  was  determined  by  this  photographic  process  for  the  five  collective 
pitch  settings  used  in  the  experiment  to  measure  the  vortex  velocity  distribution. 

3.2.  Velocity  measurement 

3.2.1.  Instrumentation 

The  hot  wire  anemometer,  used  to  measure  the  velocity  distribution  through  the  vortex,  consists  of  a 
short  piece  of  wire  5  microns  in  diameter  and  approximately  l/l6th  inch  in  length  suspended  between  two 
prongs  as  3hown  in  figuv®  4.  The  wire  forms  one  arm  of  a  bridge  circuit  and  is  heated  by  the  current 

flowing  in  the  bridge.  This  bridge  is  powered  by  a  servo  amplifier  whose  output  voltage  is  controlled  by 

the  bridge  unbalance  and  which  maintains  the  probe  resistance  (and  hence  the  probe  temperature)  very  nearly 
constant. 

Air  flow  reduces  the  temperature  of  the  wire,  which  is  sensed  by  the  change  in  current  flow  due  to 
the  corresponding  change  in  resistance,  and  is  instantaneously  corrected  by  the  servo  amplifier. 
Fundamentally,  the  power  required  to  maintain  constant  temperature  i3  monitored.  A3  this  output  is  non 
linear  with  velocity  it  is  conditioned  by  a  small  battery  powered  analogue  computer  (Lineariser)  having  a 

transfer  function  such  that  the  output  voltage  is  proportional  to  flow  velocity.  The  output  from  the 

lineariser  is  therefore  amenable  to  quantitative  assessment  by  recording  on  a  U.V.  cr  a  magnetic  tape 
recorder,  or  observation  on  an  oscilloscope. 

The  'electronic  upper  frequency'  limit  of  the  anemometer  was  found  to  be  of  the  order  of  90kHz.  No 
direct  frequency  response  measurements  were  made  as  the  expected  frequencies  of  flow  fluctuations  of 
interest  in  the  experiment  were  for  below  this  frequency.  Each  probe  was  calibrated  individually  against 
a  pitot-static  tube  for  a  velocity  range  of  0  to  350  ft/3ec. 

The  instrumentation  used  during  the  experiment  included  a  long  persistence  scope  which  wac  used  to 
monitor  the  output  signal  from  the  lineariser.  A  magnetic  tape  recorder  with  an  upper  frequency  limit  of 
20kHs  wa3  used  to  record  the  signal.  Analysis  of  the  signal  war.  carried  out  later  by  replaying  the  tape 
recorder  at  a  reduced  speed  and  reproducing  the  signal  on  a  U.V.  recorder.  The  reproduce  speed  of  the 
tape  recorder  wa3  reduced  by  a  factor  of  16  such  that  the  1200Hz  galvanometer  response  was  effectively 
increased  to  approximately  20kHz  thereby  maintaining  the  recorded  bandwidth. 

3.2.2.  Experimental  procedure 

Having  determined  the  trajectory  of  the  tip  vortex  the  probe  could  be  positioned  accurately  below  the 
rotor,  recording  the  velocity  distribution  associated  with  the  tip  vortex  as  it  passes  over  the  probe. 

The  axis  of  the  probe  was  aligned  normal  to  the  rotor  radius  and  parallel  to  the  ground,  i.e.  with  the 
axi3  of  the  sensitive  element  laying  along  the  axis  of  the  tip  vortex.  As  the  element  is  insensitive  to 
velocities  along  its  axi3  no  rotor  swirl  components  or  axial  velocities  within  the  vortox  would  be  measured. 
The  velocities  measured  are  only  those  in  the  plane  normal  to  the  nxi3  of  the  wire  and  therefore  will  bo 
the  translational  velocity  of  the  tip  vortex  in  spanwise  and  vertical  directions  (of  the  rotor)  and  the 
circumferential  induced  velocities  associated  with  the  vortex.  Vortex  radial  flows  are  assumed  small  by 
comparison  with  the  circumferential  velocities.  The  translational  velocity  of  the  vortex  over  the  probe 
was  measured  from  a  cine  film  of  the  sn  oke  flow  visualisation  of  the  vortex.  The  movement  of  the  vortex 
centre  from  frame  to  frame  was  determined  and  with  the  knowledge  of  the  speed  of  the  film  the  translational 
velocity  of  the  vortex  over  the  probe  was  obtained,  "his  information  enabled  the  time  base  of  the  record¬ 
ing  of  the  vortex  'signal'  to  be  converted  to  a  distance  base.  Also  the  translational  velocity  of  the 
vortex  could  be  removed  from  the  signal.  Thus  the  circumferential  velocity  of  the  vortex  alone  could  be 
deduced  and  its  variation  with  distance  from  the  vortex  centre.  Recorded  on  a  separate  channel  was  an 
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azimuth  marker  positioned  to  indicate  when  the  hlade  was  directly  above  the  probe.  The  exact  'age'  of  the 
vortex  in  termi  of  how  far  the  blade  had  progressed  around  the  azimuth  by  the  tine  the  vortex  was  recorded 
could  therefore  be  obtained.  By  varying  the  spanwise  position  of  the  probe  a  vortex  'age'  range  was 

obtained,  ages  between  70  and  380°  of  azimuth  were  found  to  be  possible. 


The  output  signal  from  the  probe  was  displayed  on  a  long  persistence  scope  and  although  the  vortices 
were  immediately  visible  when  the  probe  was  mounted  in  the  estimated  path  of  the  vortices  the  height  of 
the  probe  had  to  be  adjusted  such  that  the  maximum  number  of  vortex  centres  passed  through  the  probe.  It 
was  found  that  the  path  of  the  vortices  tended  to  drift  with  time  but  when  a  good  set  was  observed 
{determined  by  the  maximum  velocities)  they  were  recorded  on  magnetic  tape.  It  was  not  possible  from 
observation  of  the  scope  to  tell  if  the  vortex  core  passed  over  the  probe  so  reliance  was  made  on 
observing  the  magnitude  of  the  velocity  peaks.  Replaying  the  tape  at  a  slower  speed  was  the  only  way  of 
telling  whether  the  vortex  centre  had  been  intersected.  This  intersection  was  determined  by  comparing 
the  minimum  velocity  within  the  vortex  core  with  the  mean  translational  velocity  over  the  probe.  When  the 
two  velocities  were  the  same  the  core  centre  had  been  intersected,  i.e.  the  condition  of  zero  induced 
velocity  associated  with  the  vortex  under  consideration. 


4.  ANALYSIS  OF  RESULTS. 


The  hot  wire  probe  measures  velocities  in  a  plane  normal  to  the  axis  of  the  wire  but  cannot  distinguish 
direction  within  the  plane.  The  wire  therefore  records  the  vector  sum  of  the  vortex  induced  flow  and  the 
translational  velocity  of  the  vortex.  In  order  to  conduct  any  analysis  of  the  vortex  by  the  fixed  hot  wire 
approach,  a  number  of  assumptions  on  the  relative  magnitude  and  character  of  the  flows  must  be  made. 

They  are:- 

1.  That  the  major  components  of  the  flow  in  the  plane  normal  to  the  element  are  a  circumferential 
velocity  associated  with  the  vortex  and  the  translational  velocity.  No  significant  vortex  radial 
velocities  are  assumed  to  exist  when  conducting  the  analysis. 

2.  The  curvature  of  the  vortex  path  is  assumed  to  be  small  over  the  region  where  the  vortex  velocities 
are  being  measured. 

3.  The  translational  velocity  is  constant  over  the  period  when  the  vortex  signal  is  being  recorded. 

4.  The  three  above  assumptions  and  the  condition  that  the  vortex  centre  passes  exactly  through  the  probe, 
are  prerequisite  for  any  analysis.  Only  under  these  conditions  can  the  two  velocities  (the  induced 
and  the  translational)  be  separated,  the  translational  velocity  being  in  a  direction  normal  to  the 
induced,  can  therefore  be  removed  from  the  signal. 

5.  The  recordings  being  time-based  and  not  the  measurement  of  the  vortex  velocities  at  an  instant  in 
time  (or  age;  of  the  vortex  means  that  any  change  in  the  structure  of  the  vortex,  such  as  roll-up, 
would  be  reproduced  during  the  time  taken  for  each  vortex  to  effectively  traverse  the  probe  i.e. 

one  side  of  the  vortex  would  be  younger  than  the  other.  However,  it  was  argued  that  the  characteristic 
time  for  traversal  of  the  vortex  was  small  in  terms  of  its  ageing.  This  feature  was  subsequently 
shown  to  be  the  case,  even  the  vortices  at  widely  differing  ages  (within  the  measured  range)  did  not 
show  any  significant  structural  changes. 

6.  The  measurements  of  induced  flow,  although  only  obtained  in  one  horizontal  plane  through  the  vortex, 
were  assumed  to  be  representative  of  the  flows  in  any  radial  section  of  the  vortex,  i.e.  the  vortex 
was  assumed  to  be  symmetrical  and  hence  isolated;  a  requirement  for  any  basic  interpretation  of  the 
measurements.  This  assumption  amounts  to  the  fact  that  the  vortex  may  be  considered  as  an  effectively 
fully  rolled-up  tip  vortex. 

Since  it  is  only  possible  to  interpret  those  recordings  where  the  vortex  centre  passed  through  the 
probe,  the  method  obviously  produced  a  large  amount  of  unusable  information.  However,  it  was  found  that 
with  only  about  one  minute  of  recording  for  each  condition  a  sufficient  number  of  vortices  of  good  quality 
were  obtained.  In  the  majority  of  conditions  at  least  5  vortices  were  considered  sufficiently  good  to 
analyse.  A  typical  trace  of  one  of  these  vortices  is  shown  in  figure  5.  This  figure  shows  the  symmetry 
of  the  vortox  and  a  well  defined  'viscous'  core,  with  the  minimum  velocity  within  the  core  of  similar 
magnitude  to  the  translational  velocity  of  this  vortex,  indicating  zero  induced  velocity  associated  with 
the  vortex.  (Remembering  that  the  probe  cannot  distinguish  the  change  in  direction  of  the  induced  velocity 
as  the  vortex  centre  is  crossed).  The  time  base  of  the  signal  has  been  converted  to  a  distance  base  to 
give  an  indication  of  the  relative  size  of  the  tip  vortex, 

A  certain  amount  of  high  frequency  content  to  the  signal  was  observed  in  the  vicinity  of  the  high 
induced  velocities,  the  origin  of  which  is  as  yet  unknown  but  it  is  believed  to  be  associated  with  the 
probe  and  possibly  a  motion  of  the  wire  produced  by  the  high  rates  of  change  of  air  velocity.  The 
possibility  of  it  being  turbulence  was  ruled  out  as  the  energy  content  was  far  too  high.  A  lower 
frequency  signal  can  also  be  observed  in  the  high  velocity  region  of  the  vortex  which  could  represent  the 
rolling  up  of  the  trailing  vortex  sheet.  A  similar  observation  was  made  by  Kiicheman  (6)  when  analysing 
the  structure  of  the  leading  edge  vortex  on  a  slender  delta  wing. 

Figure  6  shows  a  sequence  of  vortices  illustrating  the  regularity  and  degree  of  repeatibility 
attainable.  The  line  down  the  centre  of  the  third  vortex  indicates  that  the  viscous  core  was  intersected. 
The  small  discontinuity  in  the  region  between  the  vortices  is  produced  by  the  passage  of  the  blade  over 
the  probe  and  can  therefore  be  used  to  estimate  the  'age'  of  the  vortex. 

In  order  to  analyse  the  results  and  compare  the  differing  test  conditions  the  output  velocity  traces 
were  curve  fitted  and  the  translational  velocity  component  removed.  The  form  of  the  curve  fitting  was 
based  upon  the  estimated  vorticity  distribution  within  the  vortex  rather  than  the  velocity  profile,  the 
fora  of  the  vorticity  distribution  being  the  easier  quantity  to  lainipulate  although  it  was  the  velocity 
profile  comparison  that  was  used  as  the  criterion  for  the  quality  of  the  fit.  The  type  of  function 
defining  the  vorticity  distribution  was  determined  by  transforming  the  velocity  distribution  of  a  number 
of  vortices  into  a  vorticity  distribution  via  the  expression: - 
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(Assuming  the  vortex  to  be  doubly  infinite  for  the  purposes  of  determining  the  oore  vortlcity  dlatribution 
whioh  la  valid  when  the  oore  radiua  ia  email  compared  with  the  radius  of  curvature  of  the  vortex).  The 
function  that  waa  found  to  beat  fit  the  vortlcity  dlatribution  outside  the  central  region  of  the  oore  was 
of  the  forms-  I  , 

(r+c)1*  . 

and  within  the  central  region  a  conatant  dlatribution  of  vortlcity  waa  assumed,  due  to  the  lack  of  detail 
on  the  trace  and  its  small  size.  Defining  a  single  function  for  the  vorticity  distribution  was  not  found 
to  be  realistic  due  to  the  rapid  'fall-off'  in  vortueity  at  the  edge  of  the  oentral  area.  Thus  the  vortex 
la  divided  into  three  areas,  the  inner  core  (region  l)  where  the  vorticity  is  constant  (extending  to  r  ) 
the  outer  part  of  the  core  where  the  vorticity  is  of  the  form  of  equation  2  and  outside  the  core  whereno 
vorticity  exiata  (region  3). 

Having  defined  the  form  of  the  functions  describing  the  vorticity  the  equation  giving  the  velooity 
dlatribution  was  obtained.  The  velocity  at  any  radial  point  being: - 


*r  L  *(0 


giving  the  expression  for  the  velocity  within  the  area  of  constant  vorticity  (region  l)  vortex  centre  line 


to  r  aa:- 

o 


(where  A  is  the  magnitude  of  the  vorticity) 
and  within  the  area  containing  the  vorticity  but  outside  r  (region  2,r  -  rx):- 


Or-  t{¥+c1TO  {'H^l  )  . (5) 


and  outside  the  area  containing  the  vorticity  (region  3,rx  -  «°)  the  expression  becomes:-  p 

. (6 

(where  r^  is  the  radius  of  the  region  containing  the  vorticity) 

Using  equations  4  and  5  the  unknowns  (a,B,C,  N  and  rQ)  were  determined  taking  9  point  values  of  the 
velooity  profile  from  the  traces  and  using  a  least  squares  approach  to  obtain  the  best  fit.  All  of  the 
test  conditions  were  analysed  in  this  fashion.  For  each  condition  9  point  velocity  values  from  each 
trace  were  measured  and  the  unknowns  A,B,C,  If  and  rQ  obtained  for  the  condition.  The  quality  of  the 
agreement  between  the  original  traces  and  the  constructed  line  is  shown  in  figure  7.  Also  shown  is  the 
distribution  of  vorticity  within  the  core  and  the  three  regions  described  above. 


5.  DISCUSSION  OF  RESULTS. 

Five  thrust  conditions  were  covered  for  a  constant  tip  speed  of  600  ft/sec.  and  for  each  thrust  q 
condition  four  radial  positions  of  the  probe  were  considered,  giving  an  age  range  of  approximately  70  to 
380°.  It  was  not  possible  however,  to  analyse  some  of  these  conditions,  particularly  the  low  pitch  and 
early  vortex  age.  The  proximity  of  the  probe  to  the  blade  leading  edge  precluded  positioning  the  probe 
in  the  optimum  position.  Although  high  velocity  peaks  were  recorded  no  well  defined  vortex  cores  were 
observed  except  for  the  higher  loading  oase.  Only  the  analysis  of  the  good  quality  vortices  have  there¬ 
fore  been  reproduced. 

Figures  8(a)  to  (d)  show  the  resultant  analysis  of  the  induced  velocity  distribution  through  thelvortex  for 
the  differing  ages  and  binds  thrusts.  All  the  traces  are  basically  similar  in  form  with  the  maximum 
velocities  increasing  with  increasing  blade  lift,  except  for  the  highest  blade  loading  condition  where 
the  peak  velocity  is  greatly  reduced  and  the  viscous  core  diameter  increased.  The  reason  for  this 

apparent  discontinuity  could  be  due  to  blade  tip  stall.  A  theoretical  analysis  using  a  contracting  wake 

model  (described  in  refeference  l)  suggests  that  the  blade  is  on  the  point  of  stalling  at  a  blade  lift  of 
approximately  3900  lb.  This  figure  was  determined  by  postulating  that  the  blade  section  near  the  tip 
(95#  radius)  stalls  at  a  similar  lift  coefficient  to  that  occurring  on  a  model  of  the  section  in  a  wind 
tunnel  under  two  dimensional  flow  conditions.  A  similar  value  of  blade  lift  was  obtained  from  the 
reduction  of  flight  test  data  from  a  Wessex  undergoing  high  attitude  hover  tests. 

Figures  9  through  to  12  show  some  of  the  observed  basic  characteristics  of  the  tip  vortex  and  how  they 
vary  with  blade  lift  and  time.  Figure  9  shows  the  vortex  circulation  measured  from  tte  traces  by  taking 
the  velocity  at  the  outer  edge  of  the  core.  The  outer  edge  of  the  core  was  readily  observable  on  the 
majority  of  traces  and  was  identifiable  by  a  definite  change  in  slope  of  the  measured  vortex  velocity 
distribution.  The  curve  outboard  of  this  point  obeyed  the  l/r  law,  showing  the  flow  to  be  irrotational. 

The  oore  was  also  distinguishable  by  a  sharp  increase  in  the  high  frequency  content  of  the  signal.  The 
circulation  is  plotted  against  total  blade  lift  and  is  compared  with  the  equivalent  tip  vortex  strength 
for  a  theoretical  constant  spanwise  blade  circulation  distribution.  The  circulation  appears  to  be  lower 
than  might  be  expected  considering  that  uniform  spanwise  circulation  would  under-predict  the  peak 
circulation  near  the  tip.  A  similar  observation  was  made  by  Dosanjh  et  al  (8)  who  found  that  the  measured 
circulation  in  the  rolled  up  tip  vortex  behind  a  semi -wing  mounted  in  a  wind  tunnel  was  only  58#  of  the 
ixpected  value.  A  further  indication  of  the  difference  between  bound  circulation  and  the  circulation 
entrained  in  the  tip  vortex  is  found  in  the  high  loading  case  if  the  stalled  condition  of  the  blade  tip 
is  the  cause  of  the  growth  of  the  tip  vortex  core.  The  C.  near  the  blade  tip  approaching  this  condition 
would  be  (before  EtslSJ .  xjx  etefl  wsrtrai  eiFowltti  m  w-  'iii  t*  f  i  .Imilrf 

the  bound  circulation  i.e.  approaching  400  ft2/sec.  The  measured  circulation, as  shown  in  figure  9  , never 
reaches  half  this  value.  A  difference  of  this  magnitude  is  unlikely  to  be  attributable  to  inaccuracir '  in 
the  equipment  or  the  experimental  process.  Resolution  of  this  apparent  discrepancy  can  only  be  obtained 
by  a  more  comprehensive  investigation  where  the  blade  loading  distribution  is  also  measured. 
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The  experimentally  obtained  band  on  the  graph  indicates  the  degree  of  soatter  of  the  rortex  signal* 
and  includes  the  effeot  of  vortex  'age'.  The  effeot  of  age  on  the  circulation  contained  in  the  tip  vortex 
has  not  been  reproduced  as  the  scatter  from  trace  to  trace  was  in  moat  oases  larger  than  the  variation  of 
the  mean  value  with  age.  Therefore,  within  the  experimental  accuracy  the  total  circulation  in  the  tip 
vortex  remained  substantially  constant  over  the  age  range  covered.  A  similar  conclusion  was  made 
regarding  the  size  of  the  vortex,  the  variation  with  blade  loading  was  observable  but  any  variation  with 
age  was  not.  The  variation  in  vortex  diameter  with  blade  loading  is  *own  in  figure  10,  again  the  scatter 
band  is  quite  large  increasing  with  the  higher  loadings.  The  faot  that  the  vortex  size  and  the  circulation 
do  not  change  materially  within  the  age  range  covered  (within  experimental  accuracy)  suggests  that  the  roll 
up  process  can  be  considered  complete  by  at  least  70  degrees  of  rotation  of  the  rotor. 

The  viscous  core  size,  on  the  otherhand,  did  ohow  a  small  but  distinct  change  with  vortex  age,  but 
no  significant  changes  over  tho  blade  loading  range,  except  for  the  highest  leading  case.  The  viscous  core 
being  defined  for  the  sake  of  description  by  the  distance  between  the  velocity  peaks  (which  is  not  necessarily 
the  di.;.  oter  of  the  constant  vorticity  region).  The  variation  of  viscous  core  size  with  vortex  age  is 
shown  in  figure  11,  the  difference  in  size  between  the  lower  loading  conditions  and  highest  condition 
boing  readily  observable.  The  viscous  core  diameter  was  considerably  smaller  than  expected,  especially 
as  the  boundary  layer  of  the  blade  would  be  expected  to  be  turbulent  at  a  Reynolds  No.  of  5.2  x  106,  based 
on  tip  speed  and  blade  chord.  A  comparison  was  made  between  the  measured  velocity  distribution  and  the 
theoretical  distribution  for  a  viscous  vortex  (9).  A  value  of  10  times  the  laminar  kinematic  viscosity 
was  used,  as  suggested  by  Newman  (lO)for  conditions  where  the  boundary  layer  is  turbulent.  ThiB  theory 
produced  a  velocity  distribution  with  a  viscous  core  approximately  three  times  larger  than  measured  and  a 
velocity  distribution  that  was  underestimated  outside  the  viscous  core.  The  comparison  indicated  that 
significantly  more  vorticity  existed  outside  the  viscous  core  than  has  been  observed  by  Newman  and  Dosanjh 
who  also  compared  measured  results  from  a  wing  mounted  in  a  wind  tunnel  with  viscous  vortex  theory. 

Figure  12  shows  the  decay  of  the  induced  velocity  peaks  with  vortex  age  for  the  five  blade  loading 
conditions.  The  velocity  peaks  are  ose  obtained  as  a  result  of  the  curve  fitting,  not  necessarily  the 
peak  velocity  recorded  on  the  trace  which  included  some  high  frequency  'noiBe'  near  the  peak.  The  peaks 
on  the  signal  were  of  the  order  of  20  to  40  ft/sec.  higher  than  the  curve  fitted  values.  At  a  blade  loading 
of  3,750  lb. a  higher  degree  of  scatter  was  observed  on  the  peak  velocities  than  on  the  lower  loading  cases, 
a  dashed  line  has  therefore  been  used  and  indicates  the  higher  velocity  values  obtained  for  each  age 
condition. 

The  most  commonly  used  representation  of  the  tip  vortex  in  theoretical  rotor  wake  models  is  a  vortex 
with  uniform  vorticity  in  the  core,  sometimes  called  the  'combined'  or  Rankine  vortex.  Using  this 
representation  a  core  size  is  normally  postulated,  which  if  chosen  too  small  will  produce  extremely  high 
induced  velocities.  A  comparison  between  the  observed  vortex  velocity  distribution  and  a  vortex  with 
uniform  vorticity,  but  having  the  same  total  circulation  is  shown  in  figure  13.  Two  'combined'  vortices 
are  illustrated,  one  having  the  same  maximum  velocity  as  the  observed  vortex  and  the  other  with  half  the 
core  size.  Both  vortices  show  that  the  combined  vortex  representation  overestimateo  the  induced  velocities 
in  the  vicinity  of  the  Cure  by  a  substantial  amount.  The  radial  position  it  the  peak  velocity  is  alec 
overestimated  for  any  reasonable  restriction  on  the  maximum  velocity. 

6.  CONCLUSIONS. 

The  observed  structure  of  the  rotor  blade  tip  vortex  indicates  that  the  vortex  can  be  assumed  to  be 
effectively  rolled  up  by  at  least  70°  of  rotation  of  the  rotor.  The  effective  size  of  the  vortex  core  was 
considerably  larger  than  simple  theories  would  suggest,  but  the  viscous  core  was  significantly  smaller. 

The  velocity  distribution  through  the  vortex  was  unlike  those  observed  in  experiments  on  semi  wings 
in  a  wind  tunnel.  The  type  of  comparison  obtained  with  the  viBcous  vortex  theory  for  the  wind  tunnel 
ip'  rlmonW  by  Novna.ii  t.nd  LoSiatJfe  nut  i»_t  stti.ii.abJu  with  tid.  experiment.  Thu  pTi^r#  Jlfferem;*  Ldiug 
the  small  viscous  core  size  and  'fuller'  velocity  profile.  Representation  of  the  tip  vortex  by  a  Rankine 
or  combined  vortex  would  produce  significant  errors  in  the  induced  velocity  within  a  'half  chord'  radius 
of  the  centre  of  the  tip  vortex. 

The  circulation  contained  in  the  tip  vortex  was  approximately  half  the  value  expected,  based  on  the 
supposition  that  the  rolled  up  vortex  strength  would  be  of  a  similar  erder  to  the  peak  circulation  near  the 
blade  tip. 

The  results  of  the  highest  blade  loading  case  showed  a  marked  change  in  the  vortex  structure  suggesting 
that  the  blade  tip  may  have  been  in  a  high  drag  or  stalled  region.  Should  this  suggestion  be  the  case  then 
it  may  be  that  at  higher  tip  speeds  when  the  strength  and  position  of  the  shook  wave  on  the  aerofoil  is 
dominating  the  drag  characteristics  a  significant  change  in  vortex  structure  may  be  produced. 

The  experiment,  allhough  primarly  of  an  expoloratory  nature  indicated  the  feasibility  of  using  a  hot 
wire  anemometer  to  measure  full  scale  rotor  wake  characteristics,  although  some  refinements  for  more 
detailed  work  would  be  desijable. 
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A  VORTEX-WAKE  ANALYSIS  OF  A  SM3IE-BIADED  HOVERING  ROTOR 
AND  A  COMPARISON  WITH  EXPERIMENTAL  DATA 

by 

Robin  B.  Gray+  and  George  W.  Brown** 

School  of  Aerospace  Engineering 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 


SUMMARY 


A  theoretical  method  is  developed  for  determining  the  geometry  and  strength  distribution  of  the 
vortex  wake  generated  by  a  single-bladed  hovering  helicopter  rotor.  The  analysis  begins  with  a  simple 
model  of  the  ultimate  wake  geometry  and  then  proceeds  to  establish  the  corresponding  nondimens lonal  tip- 
vortex  strength.  This  simple  vortex-wake  model  is  adjusted  by  procedures  that  are  based  on  the  Biot- 
Savart  law  to  obtain  a  first  approximation  for  the  tip-vortex  geometry.  Next,  an  estimate  of  the  blade 
collective  pitch  angle  is  found  from  blade-element  considerations.  Then,  a  first  approximation  for  the 
geometries  and  strengths  of  the  vortex-sheet  filaments  that  are  shed  from  the  blade  trailing  edge  is 
determined  by  marching  inboard  from  the  blade  tip.  Thus,  a  simultaneous  solution  for  the  filament  strengths 
is  not  required.  Further  adjustments  to  the  wake  geometry,  the  strengths  of  the  inboard  filaments,  and 
the  collective  pitch  are  made  until  succeeding  changes  become  acceptably  small. 

The  results  are  in  good  agreement  with  experiment  for  the  axial  displacements  of  the  tip  vortex 
after  one  turn  of  the  helix,  for  the  blade  collective  pitch  angle,  and  for  the  thrust  coefficient.  The 
axial  displacement  of  the  first  turn  of  the  helix  and  the  rate  of  contraction  of  the  wake  is  not  as  good. 

It  appears  4 hat  the  wake  model  in  this,  as  in  other  analyses,  differs  from  the  physical  wake  in  certain 
important,  tut  unknown,  features. 

RESUME 


Une  methode  theorique  est  developpee  pour  determiner  la  geometrie  et  la  distribution  de  la  force 
des  tourblllons  dans  le  sillage  d'un  rotor  a.  une  seule  pale  d'helicoptere  qui  se  balance  dans  l'air. 
L'analyse  commence  avec  un  models  simple  de  la  geometrie  finale  du  sillage  et  puis  procede  a  etablir  le 

coefficient  du  tourbillon  de  bout  de  pale.  Ce  modele  simple  des  tourblllons^  dans  le  sillage  est  ajuste 

par  des  precedes  qui  se  basent  sur  la  loi  Biot-Savart  pour  obtenir  une  premiere  approximation  pour  la 
geometrie  du  tourbiUon  de  bout  de  pale.  Ensuite,  on  trouve  une  estimation  de  l'angle  du  pas  de  la  pale 
en  considerant  1' element  de  la  pale.  Puis,  on  determine  une  premiere  approximation  pour  les  geometries  et 

les  forces  des  filaments  des  tourblllons  dans  le  sillage  du  trenchant  tralnant  de  la  pale  en  merchant  a 

l'interieur  partant  du  bout  de  pale.  Aussi,  une  solution  simultanee  pour  les  forces  des  filaments  n'est 
pas  exigee.  Encore  des  ajustements  a  la  geometrie  du  sillage,  aux  forces  des  filaments  interieurs,  et  au 
pas  sont  faits  Jusqu'a  ce  que  les  changements  successlfs  deviennent  petits  a  un  degre  acceptable. 

Les  resultats  s  'accorvdent  bien  avec  l'experience  pour  le  deplacement  dans  le  sens  de  l’axe  du 
tourbillon  de  bout  de  pale  apres  une  rotation  de  l'helice,  pour  le  pas  de  la  pale,  et  pour  le  coefficient 
de  la  poussee.  Le  deplacement  dans  le  sens  de  l'axe  de  la  premiere  rotation  de  l'helice  et  la  vitesse  de 
la  contraction  du  sillage  ne  se  conforment  pas  si  strictement  avec  les  resultats  experimentaux.  II  paralt 
que  le  modele  du  sillage  dans  cette  analyse,  comme  dans  d'autres  analyses,  differe  du  sillage  physique 
quand  it  s'agit  de  certains  aspects  qui  sont  importants  mais  inconnus. 


NOTATION 

a 

A 

b 

c 

C 

°r 

ctb 

‘tf 


lift  curve  slope 
wake  contraction  ratio,  I^/r 
number  of  blades 
blade  chord  length 
1  -  A 

tip-vortex  strength  coefficient, 
r/l+HR2A2n 

bound-vortex  strength  coefficient 
vortex-filament  strength  coefficient 
thrust  coefficient,  T/p^lAl2 


K2  axial  displacement  parameter  of 

tip-vortex  helix  in  ultimate  wake 

r  length  in  radial  direction 

R  rotor  radius  unless  with  subscript 

T  rotor  thrust 

u  with  subscript,  nondimensional  induced 

velocity  component,  u^/BAP,  etc. 

u  Ur/(T 

u' ,v' ,v'  radial,  tangential,  and  axial  induced 
velocity  components 

U  velocity  relative  to  blade  element  and 

perpendicular  to  blade  span 


axial  displacement  parameter  of  first  v 

turn  of  tip- vortex  helix 


u^/Cp 
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w 

V°r 

axial  pitch  angle  of  vortex. 

Figs.  1  a«i  3 

X 

nondimensional  radius,  r/RA 

Y 

azimuth  angle 

/ 

X 

nondimensional  radius  of  vortex 

Y 

azimuth  angle  between  calculating  point 

element,  r  /RA 

VJ 

and  first  radial  plane 

z 

nondlmenslona-.  axial  distance,  z/RA 

Y ' 

azimuth  angle  from  reference  point  to 
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1.  INTRODUCTION 

The  primary  objectives  of  this  analysis  are  to  develop  a  vortex-wake  method  for  determining  the 
hovering  performance  of  a  helicopter  rotor  without  the  degree  of  empiricism  that  is  required  in  the  pre- 
scrlbed-wake  method  and  to  achieve  an  elapsed  computer  tir'«  less  than  that  required  in  the  free-wake 
analyses  that  generate  the  vortex  system  from  rest.  The  i  rocedures  to  be  used  for  generating  the  wake 
vortex  system  and  relating  the  blade  aerodynamic  loading  to  the  strengths  of  the  trailing  vortex  filaments 
differ,  in  several  respects,  from  those  of  both  the  prescribed-wake  and  the  free-wake  analyses.  However, 
the  numerical  techniques  used  in  programming  the  Blot-Savart  law  for  the  digital  computer  are  essentially 
the  same. 

In  the  prescribed-wake  analysis,  the  geometry  of  the  wake  vortex  system  near  the  rotor  is 
determined  from  flow  visualization  studies.  With  the  wake  geometry  known,  the  application  of  the  Biot- 
Savart  law  and  the  blade-element  theory  to  the  system  yields  a  set  of  simultaneous  equations  which  are  then 
solved  for  the  blade  bound-vortex  strength  distribution.  The  calculation  of  the  thrust  and  power  is 
straightforward.  The  computer  time  that  is  required  for  these  calculations  is  relatively  short.  However, 
for  a  general  application  of  the  method,  tables  of  experimentally  determined  geometric  parameters 
describing  the  radial  and  axial  coordinates  of  the  vortex  elements  in  terms  of  their  azimuth  positions  from 
the  blade  must  be  available  for  a  wide  range  of  thrust  levels  and  rotor  configurations. 

In  the  free-wake  analysis,  the  complete  vortex  system  is  generated  from  rest  with  the  initial  fila 
ments  being  constrained  to  follow  a  contracting  path  as  they  move  down  the  wake.  The  Biot-Savart  law  is 
again  used  to  determine  the  motion  of  the  filaments  and  the  filament  strengths  are  related  to  the  blade 
characteristics  through  the  blade-element  theory.  The  vortex  filament  strengths  are  found  by  solving  the 
resulting  set  of  simultaneous  equations.  The  constraint  on  the  wake  is  then  relaxed  and  iterations  are 
performed  until  the  system  converges  to  the  free-vortex  configuration.  Therefore,  a  relatively  large 
amount  of  computer  time  is  required. 

Both  of  these  methods  have  been  shown  to  yield  good  comparisons  with  experiment  for  overall  per¬ 
formance.  However,  the  free-wake  analysis  does  not  predict  the  initial  tip-vortex  geometry  accurately. 
Furthermore,  if  the  measured  geometry  is  introduced  as  the  initial  condition  for  the  free-wake  analysis 
and  if  the  iterations  are  allowed  to  proceed,  the  result  is  essentially  the  same  as  that  which  would  be 
generated  from  rest.  Since  the  physical  wake  is  a  free-vortex  system,  it  would  appear  that  there  are 
omissions  in  its  mathematical  model  which  lead  to  a  different  configuration  when  the  free-vortex  condi¬ 
tion  is  satisfied  analytically. 

In  consideration  of  this  problem  and  of  possible  ways  of  determining  its  causes,  it  appeared  that 
an  advantage  would  be  realized  if  a  procedure  were  developed  which  would  proceed  from  the  more  important 
to  the  less  important  elements  that  contribute  to  the  flow  field.  This  marching  process  would  isolate  the 
various  contributions  and  would  permit  analytical  experimentation.  A  second  consideration  is  that  the 
method  should  be  developed  in  terms  of  the  quantities  that  are  more  easily  measured  in  the  laboratory.  A 
third  consideration  is  that  the  experience  that  has  been  gained  over  the  years  should  guide  the  develop¬ 
ment.  The  procedures  to  be  presented  satisfy  all  of  these  requirements  to  some  extent.  In  addition,  a 
complimentary  experimental  program  has  been  initiated  which  should  provide  further  guidance  toward  improv¬ 
ing  the  preliminary  results. 

A  single-bladed  rotor  has  been  chosen  for  this  development.  This  obviously  reduces  the  complexity  of 
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th«  vortex  system  and  hence  the  numerical  eemputat  lone.  From  a  consideration  of  prevloue  re  suite ,  it 
vould  appear  that  some  of  the  problems  are  not  associated  with  the  maker  of  blades.  Thus  a  successful 
solution  should  be  easily  extended  to  mult  1-b laded  rotors.  However,  in  that  case,  a  different  problem 
arises  which  is  not  considered  here  and  which  becomes  more  severe  with  Increasing  makers  of  blades.  This 
is  the  Interaction  problem  In  which  the  aerodynamic  loadings  on  following  blades  are  modified  by  the  close 
passage  of  the  tip  vortices  shed  from  proceeding  blades. 

In  addition,  the  a  ingle -b  laded  rotor  .1  more  amenable  to  experimental  investigation  since  it  elim¬ 
inates  the  necessity  for  constructing  a  model  having  exactly  Identical  blades  with  the  same  aerodynamic 
load  distributions,  tip-vortex  strengths,  and  wake  geometries.  Without  this  specification  on  multi-bladed 
models,  the  tip  vortices  from  each  blade  will  not  follow  identical  paths  but  will  interact  to  a  greater  or 
lesser  degTee.  It  is  recognized  that  a  theoretical  analysis  cased  on  an  invariant  wake  will  be  "ideal" 
in  that  helicopter  rotors,  in  conjunction  with  existing  environmental  conditions,  rarely  achieve  this  effect. 
However,  the  availability  of  such  an  ideal  analysis  will  provide  a  starting  point  for  investigating  the 
real  case  by  perturbation  techniques. 


2.  FIRST  APPROXIMATION  OF  THE  TIP-VCHTEX  GEOMETRY 

It  is  assumed  that  the  Isolated,  single-bladed  rotor  is  hovering  In  a  non-viscous,  incompressible 
fluid  which  is  at  rest  at  infinite  distances  from  the  rotor  hub  except  for  points  within  the  ultimate 
wake.  The  Helmholtz  theorems  are  obeyed  and  the  Biot-Savart  law  is  applicable. 

2.1  Simplified  wake  model 

The  Initial  blade  and  wake  vortex  configuration  is  very  much  simplified  and  is  shown  in  Fig  1. 
Blade  coning  and  flexibility  are  neglected  which  is  reasonable  for  a  counterweighted,  see-Baw  blade  of 
rigid  construction.  These  effects  may,  however,  be  included  at  a  later  point  in  the  analysis.  The  blade 
is  replaced  with  a  lifting  line  having  constant  circulation.  A  straight-line  vortex  of  the  seme  strength 
but  negative  in  sign  is  placed  along  the  axis  of  the  sys  tem.  A  helical  vortex,  also  of  the  same  strength, 
is  shed  into  the  wake  at  the  blade  tip  position.  This  helical  vortex  has  a  constant  radiuB  and  a  constant 
geometric  pitch.  The  vortices  have  a  constant-radius  core  vhich  is  assumed  to  rotate  as  a  solid  body.  For 
some  distance  down  the  wake  below  the  rotor  plane,  these  shed  vortices  are  not  free  but  are  bound  to  the 
special  coordinates  as  described.  This  condition  will,  however,  be  relaxed. 


Figure  1.  Simplified  vortex  model  for  a  hovering,  Figure  2.  Simplified  ultimate-wake  vortex  model 
single-bladed  rotor.  for  a  hovering,  single-bladed  rotor. 


The  ultimate  wake  is  then  composed  of  two  vortex  filaments  as  shown  in  Figure  2.  One  lies  along 
the  axis  of  blade  rotation  which  is  also  the  axis  of  the  vortex  system.  The  other  is  a  right  circular 
helix  representing  the  tip  vortex.  Here  in  the  ultimate  wake,  these  vortices  are  truly  force-free. 

2.2  Analysis 


The  induced  velocity  field  is  related  to  the  vortex  strength  and  geometry  by  the  Biot-Savart  law. 
From  the  general  derivation  given  in  Ref  1,  the  nondimens ional  radial,  tangential,  and  axial  induced 
velocity  components  sire  found  to  be  respectively: 
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The  primed  quant  it  lee  represent  the  nondlmensional  coordinates  and  certain  geometric  angles  of  the  center 
line  of  the  rotational  core  of  the  vortex.  The  unprimed  quantities  represent  the  nondlmensional  coordi¬ 
nates  of  the  point  at  which  the  induced  velocity  components  are  to  be  calculated.  The  introduction  of  the 
vortex  core  radius,  t,  does  not  permit  P  to  become  zero.  Hence  the  Integrands  remain  finite  every¬ 
where  and  the  points  at  which  the  velocities  are  calculated  are  approximately  restricted  to  the  surface  of 
the  vortex  core,  .tales s  otherwise  noted,  all  lengths  are  made  nondlmensional  by  dividing  by  the  ultimate 
wake  radius  and  the  velocities  are  nondimenslonallzed  by  dividing  by  the  product  of  the  ultimate  wake 
radius  and  the  rotor  angular  velocity.  The  tip-vortex  strength  coefficient  is  included  in  the  definition 
of  u,  v,  and  w.  It  is  noted  that  in  the  ultimate  wake  where  tan  0  is  zero,  the  integrand  of  Eq  (1)  is 
an  odd  function  of  Y'  whereas  those  of  Eqs  (2)  and  (3)  are  even  functions.  Thus  for  the  simplified  model 
of  Mg  2,  the  radial  ve Unity  of  the  tip  vortex  U  Identically  zero  and  the  valuer  cf  the  tangential  and 
axial  velocities  are  exactly  twice  those  of  the  blade  tip  of  Fig  1  if  the  effect  of  the  lifting  line  is 
excluded. 


In  this  method,  the  selection  of  a  value  of  completely  defines  the  nondlmensional  geometry  of 
Fig  2  since  x'  ■  1.  The  corresponding  value  of  the  tip-vortex  strength  coefficient  is  found  from  a  consider¬ 
ation  of  the  velocity  diagram  with  reupedt  to  the  blade  Of  a  pol.it  on  VI. -  tip  vortex  in  the  ultimate  wake. 
This  diagram  is  similar  to  that  of  Fig  3a.  Thus 

tan  t  . 

Cr  - -  (5) 

wfc  -  (vt-2b)  tan  <f*  a 

where  b  is  the  number  of  blades  and  and  v-t  are  found  by  numerically  integrating  Eqs  (2)  and  (3) 
over  the  tip  vortices  from  minus  infinity  to  plus  infinity.  The  term  involving  "b"  accounts  for  the 
co..tribution  of  the  vortex  along  the  axis  of  the  system.  This  value  of  is  held  constant  for  the 
remainder  of  the  procedures. 


Figure  3<  Velocity  diagrams  for  determining  the  apparent  axial  and  radial 
induced  velocities  at  a  point,  P  ,  on  a  vortex  filament. 


Before  continuing  with  the  determination  of  the  flow  field  associated  with  the  simplified  wake 
model,  several  questions  must  be  resolved.  The  first  of  these  is  concerned  with  the  numerical  procedures 
to  be  employed  and  with  the  expression  of  the  theoretical  results  in  terms  that  will  be  convenient  for 
comparison  with  experimental  results.  In  determining  the  motion  of  a  vortex  filament,  the  usual  practice 
has  been  to  identify  a  sufficient  number  of  points  along  the  vortex  so  that  their  displacement  in  the 
theoretical  flow  field  will  adequately  define  the  vortex  geometry  as  time  progresses.  The  displacement  of 
these  points  is  three  dimensional  and  therefore  the  three  coordinates  that  define  each  point  will,  vary  with 
time.  On  the  other  hand  and  for  the  experimental  case,  it  is  convenient  to  observe  the  vortex  motion  in  a 
radial  plane.  Here,  the  motlc  i  is  two  dimensional  although  the  identity  of  the  point  under  observation 
changes  with  time.  Therefore,  a  definite  advantage  would  be  realized  if  the  theoretical  analysis  were 
developed  in  a  corresponding  manner.  Thus,  the  theoretical  and  experimental  motions  would  correspond 
directly  and  the  angular  coordinates  of  the  points  at  which  the  velocities  were  calculated  could  be  fixed 
once  and  for  all.  The  velocity  components  that  are  observed  and  calculated  in  these  radial  planes  are 
given  the  name  "apparent  velocity  components".  The  necessary  relationships  are  found  from  a  consideration 
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of  the  velocity  diagram*  at  a  point  on  the  vortex  filament.  These  diagrams  are  determined  with  respect  to 
the  blade  and  are  shown  in  Figure  3.  Thus,  the  apparent  radial  and  axial  velocity  components  are  found 
to  be  respectively: 
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and 
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Here,  u_,  v_,  and  v_  are  the  radial,  tangential,  and  axial  Induced  velocity  coaiponents  that  are  associated 
with  the  entire  vortex  system.  In  a  like  manner,  the  radial  and  axial  pitch  angles  of  a  filament  are 
respectively: 
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A  second  question  is  concerned  with  the  angular  spacing  of  the  radial  planes  that  are  described 
in  the  preceedlng  paragraph.  This  spacing  can  not  be  determined  a  priori  except  that  the  planes  should 
be  more  closely  spaced  in  the  immediate  vicinity  of  the  calculating  point.  Some  experimentation  is 
required  in  order  that  the  contributions  of  the  vortex  elements  to  the  velocity  at  a  point  will  be 
adequately  represented.  An  example  will  be  given  later  in  the  paper. 


A  third  question  is  concerned  w.th  the  structure  of  the  tip-vortex  core.  The  representation 
used  in  Eqs  (1)  -  (3)  does  not  adequately  describe  the  phenomenon  and  appears  to  underestimate  the  local 
self-induced  effect.  An  approximate  egression  for  this  contribution  is  found  by  starting  with  the 
equation  given  in  Ref  1  for  the  rate  of  advance  of  a  vortex  ring.  There,  the  core  is  described  as  hav¬ 
ing  a  circular  cross  section  and  to  be  rotating  as  a  solid  body.  In  the  present  case,  the  contributions 
of  small  arc  lengths  of  the  helical  filament  on  either  side  of,  and  adjacent  to,  the  calculating  point 
are  desired.  The  circular  sure  that  is  equivalent  to  the  helical  arc  is  found  by  passing  a  circle  through 
the  calculating  point  and  through  the  intersection  points  of  the  helix  with  the  two  adjacent  radial  planes. 
The  vortex  core  between  these  two  planes  is  assumed  to  have  a  circular  cross  section  of  radius,  c  , 
and  to  be  rotating  as  a  solid  body.  Over  the  remaining  length  of  the  ring,  the  core  is  reduced  to  a  line 
vortex.  The  desired  contribution  Is  then  the  difference  between  the  result  of  Ref  1  for  the  complete 
ring  and  the  integral  of  the  Biot-Savart  equation  over  the  line  vortex  described  ab<-  e.  The  results  for 
an  sire  of  a  helical  -?rtex  having  a  constant  radius  and  a  constant  geometric  pitch  are 
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where  6  is  the  inclination  angle  of  the  circle  with  respect  to  the  system  axis 

Y  tan  0 
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o 

Y  is  the  angle  between  the  calculating  point  and  the  first  adjacent  radial  plane.  The 

angular  spacing  of  the  radial  planes  is  symmetric  about  the  calculating  point. 
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20.  is  the  arc  length  of  the  ring  over  which  the  core  is  assumed  to  extend. 
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Because  of  the  approximations  involved  in  the  development  of  Eq  (9),  the  incremental  velocities  become  in¬ 
creasingly  in  error  as  the  arc  length  of  the  helix,  YQ  ,  approaches  aero.  This  is  due  primarily  to  the 
behavior  of  the  fourth  term  in  this  equation.  On  the  other  hand,  as  Y0  is  increased,  the  representation 
of  an  arc  of  the  helix  by  a  circular  arc  becomes  poor  from  the  geometrical  viewpoint.  It  appears  that  a 
value  Y0~  6°  is  acceptable.  Additional  work  is  required  on  this  aspect  as  well  as  on  the  development  of 
Eqs  (8)  and  (9).  The  derivation  of  a  similar  set  of  equations  for  the  general  case  is  an  exercise  in 
geometry  and  will  not  be  Included  here.  It  is  to  be  noted  that  an  increment  to  the  radial  induced  velocity 
will  appear  in  the  general  development. 


AZIMUTH  ANGLE  IN  DEGREES  FROM  BLADE  POSITION 


Figure  4,  Azimuthal  contributions  of  the  tip-vorte:<  elements  to  the  induced  velocity  components  as 

determined  from  the  Biot-Savart  law.  The  areas  under  the  curves  represent  the  tangential, 
axial,  and  negative  radial  induced  velocity  components  at  the  blade  tip  for  the  simplified 
vortex  wake  model  of  Figure  1.  Tan$„  «  0  -  Oh ;  eRa.0.01. 


2.3  Flow  field  associated  with  the  simplified  wake  model 

Eqs  (1)  through  (4)  have  been  used  to  calculate  the  self- induced  velocity  components  along  the  tip 
vortex  of  Figs  1  and  2  for  several  values  of  tan  0^  and  a  ratio  of  core  radius  to  rotot  radius  of  0.01. 

In  order  to  determine  a  satisfactory  angular  spacing  of  the  radial  planes,  the  integrands  of  Eqs  (l)-(3) 
were  first  computed  for  tan  0  =  0.04  and  plotted  in  Fig  4  as  a  function  of  azimuth  distance  from  the  blade 
position.  This  is  a  typical  distribution  and  illustrates  the  necessity  of  having  a  close  spacing  in  the 
vicinity  of  the  point  at  which  the  velocities  are  calculated.  The  areas  under  the  curves  represent  the 
velocity  components  so  that  for  numerical  integration,  it  appears  that  locating  the  radial  planes  at  plus 
and  minus  0.75  »  1°»  1.25°,  2°,  5°,  10°,  15°,  20°,  30  ,  4>° ,  90°,  and  135°»  and  at  0°  and  l80°  would  be 
satisfactory.  If  Eqs  (8)  and  (9)  are  used  with  T  =  5  >  then  the  first  radial  planes  would  be  located  at. 
±5°  for  the  first  turn  but  would  need  be  located  a?  ±2°  (i.e.  ±358°  and  ±362°,  etc.)  for  succeeding  turns. 
When  the  calculating  point  is  at  the  end  of  the  helix,  the  increments  given  by  Eqs  (8)  and  (9)  must  be 
divided  by  two.  The  contribution  of  the  first  5°  of  the  helix  to  the  axial  velocity  at  the  blade  tip  as 
found  from  Eq  (3)  is  about  6  per  cent  of  the  total.  For  the  same  length,  Eq  (9)  yields  a  contribution  of 
about  9  per  cent.  The  same  comparisons  exist  for  the  ultimate  wake.  At  both  points,  if  the  core  radius  is 
divided  by  two,  the  contribution  is  increased  by  about  28  per  cent.  The  location  of  the  calculation  points 
is  given  in  the  next  section. 

The  variation  of  the  nondimensional  self- induced  velocity  components  along  the  tip  vortex  with 
azimuth  distance  from  the  blade  position  is  shown  in  Fig  5.  The  effects  of  the  lifting  line  and  the  axial 
vortex  are  not  included  at  this  point.  The  ultimate  wake  values  were  determined  by  an  extrapolation 
process  in  which  the  turns  of  the  helix  were  approximated  by  vortex  rings.  Note  that  for  the  greater  part 
of  each  turn  of  the  helix,  the  radial  and  tangential  induced  velocities  are  very  nearly  constant. 

2.4  Displacement  procedures  for  the  tip  vortex 

It  has  been  pointed  out  previously  that  the  tip  vortex  of  the  simplified  wake  model  in  Fig  1  is 
not  force-free  but  is  bound  to  the  specified  coordinates.  This  condition  is  now  relaxed  and  the  tip  vortex 
is  allowed  to  displace  according  to  the  velocity  field  given  in  Fig  5.  Again  for  the  numerical  procedures, 
a  satisfactory  number  and  distribution  of  radial  planes  must  be  established  which  will  be  favorable  for  the 
establishment  of  an  acceptable  displacement  of  the  tip  vortex  when  it  is  allowed  to  move  under  the  action 
of  the  apparent  radial  and  axial  induced  velocities.  An  inspection  of  the  velocity  variations  of  Fig  5 
shows  that  the  radial  and  tangential  induced  velocities  are  very  nearly  constant  for  a  large  part  of  each 
turn  of  the  helix  and,  for  approximately  the  same  intervals,  the  slope  of  the  axial  induced  velocity  curve 
is  also  nearly  constant.  Thus,  the  same  spacing  of  the  radial  planes  that  was  given  in  Sec  2.3  should  be 
satisfactory  if  the  0°  reference  plane  is  lined  up  with  the  lifting  line.  These  planes  also  locate  the 
calculating  points  for  the  procedures  of  Sec  2.3.  Note  that  these  planes  are  fixed  to  the  system  whereas 
the  planes  in  Sec  2.3  are  centered  on  the  calculating  point  and  are  moved  from  point  to  point  along  the 
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Figure  5.  Nondimensional  induced  velocity  components  associated  with  the  tip  vortex  only  and  at  the 
tip  vortex  locus  for  the  simplified  vortex  wake  model  of  Figure  1.  Ian  4>„,  =  O.Oh; 

Cr  =  0.00156;  eR'vO.Ol. 


filament  as  the  velocity  calculations  proceed.  For  multi-bladed  rotors,  it  is  suggested  that  the  radial 
planes  be  located  by  dividing  the  given  azimuth  angles  that  are  greater  than  5°  by  the  number  of  blades  and 
then  eliminating  those  that  are  moved  within  the  y  arc.  This  distribution  should  be  centered  on  each 
blade  to  complete  the  full  circle  of  2rr  radians.  A  similar  distribution  would  determine  the  spacing  of  the 
planes  with  respect  to  the  calculating  points.  This  will  require  further  investigation  however. 

The  displacement  of  the  tip  vortex  begins  in  the  ultimate  wake  where  the  geometry  and  velocities 
are  known  and  do  not  change  with  time  (i.e,  the  tip  vortex  is  force-free).  For  practical  reasons,  a  limit 
must  be  established  and  this  limit  is  set  at  20  turns  of  the  helix.  The  velocities  will  not  be  precisely 
. .those  cJL^he  ultimate  wake  but  the  small  errors  should  be  acceptable.  Hence,  starting  20  turns  down  the 
helix"  from  the  rotor  and  designating  this  point  as  point  "n",  the  apparent  radial  and  axial  induced 
velocities  are  determined  by  Eqs  (6)  using  the  extended  data  of  Fig  5.  Then,  moving  up  the  helix  towards 
the  rotor  to  the  next  radial  plane  and  the  (n-1)  calculation  point,  the  apparent  velocity  components  are 
computed  in  a  like  manner.  The  averages  of  the  components  in  the  two  planes  are  used  to  locate  a  new  point 
of  intersection  of  the  helix  with  the  (n-1)  radial  plane.  This  procedure  implies  a  moving  backward  in  time 
and  if  the  reference  coordinate  system  is  attached  to  point  "n"  in  the  ultimate  wake,  the  new  location  in 
the  (n-1)  plane  is  given  by  (f  measured  from  blade) 

(u  +  u  ) 

Vl  =  1  +  —  n  2  <T  (Vl  -  *n) 

(v  +  y  j 

“  Vl  -  -  v  <r  (Vl  -  » J  - 

where  ^ryn  i  “  is  the  nondimensional  time  (negative)  required  for  the  blade  to  rotate  through  an 
angle  equal  £4  the  angle  between  the  two  planes,  A  new  intersection  point  of  the  tip-vortex  helix  with 
the  (n-2)  plane  is  determined  in  a  similar  manner.  The  process  is  repeated  between  each  of  the  radial 
planes  until  the  rotor  plane  is  reached.  The  general  expressions  for  the  coordinates  of  the  intersection  in 
each  plane  are 
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where  X  s  m  »  n.  When  m  •  n,  the  rotor  plane  has  been  reached  and  the  vortex  geometry  Is  referenced  to  the 
rotor  plane  by  subtracting  zQ,  which  is  a  negative  quantity,  from  the  values  obtained  from  Eq  (11).  The  re¬ 
sults  of  this  first  displacement  for  one  case  are  shown  in  Figs  6  and  7.  The  effect  of  the  lifting  line 
in  not  Included  in  this  step.  Its  length  is,  however,  increased  in  the  radial  direction  so  as  to  Join  the 
end  of  the  tip  vortex  in  its  new  location.  It  is  interesting  to  note  that  the  ratio  of  the  new  rotor 
radius  to  the  ultimate  wake  radius  is  very  nearly  /2  which  is  the  value  predicted  by  the  simple  momentum 
theory.  Inspection  of  Fig  7  indicates  that  the  slopes  of  the  axial  and  radial  displacement  curves  undergo 
appreciable  changes  only  in  the  immediate  vicinity  of  azimuth  angles  from  the  blade  position  that  are 
Integer  multiples  of  2rr  .  It  is  also  seen  that  the  wake  has  essentially  contracted  to  its  final  value 
after  about  eight  turns  of  the  helix  whereas  the  helix  pitch  angle  is  still  increasing  after  ten  turns. 
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Figure  6. 

Result  of  first  Iteration  on  tip  vortex 
geometry.  Dashed-li.ie  helix  is  the  ini¬ 
tial  configuration  of  constant  diameter 
and  constant  helix  pitch  angle.  The  solid¬ 
line  helix  is  obtained  after  the  first 
displacement  based  on  velocity  components 
associated  with  the  dashed-line  helix. 
(Single-bladed  rotor;  ultimate-wake  helix 
pitch  angle  •=  0.04  rad.) 
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Figure  7.  First  and  second,  radial  and  axial  displacements  of  the  tip  vortex  for  the  simplified 
vortex  wake  model.  Tan  *  0.04;  Cj,  =  0.00156;  eRvO.Ol. 
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The  three  induced  velocity  components  are  computed  as  before  at  a  number  of  points  along  the 
first  displaced  position  of  the  tip  vortex.  The  total  values  are  determined  which  include  the  self- 
induced  effect  and  the  contributions  from  the  extended  lifting  line  and  the  aixial  vortex.  The  total 
apparent  velocity  components  are  calculated  in  each  radial  plane  and  a  second  displacement  of  the  tip  vor¬ 
tex  is  found  according  to  the  procedures  described  previously.  This  second  displacement  is  also  shown  in 
Fig  7.  It  is  seen  that  the  rotor  radius  has  increased  slightly,  that  the  wake  has  essentially  contracted 
to  its  final  value  after  five  turns  of  the  helix,  and  that  the  helix  pitch  angle  has  reached  its  final 
value  after  four  turns. 

Since  the  purpose  of  this  section  is  to  obtain  a  good  approximation  to  the  tip-vortex  geometry, 
the  procedures  are  terminated  at  this  point.  Additional  iterations  on  the  geometry  will  be  performed 
after  an  approximate  geometry  and  strength  distribution  has  been  obtained  for  the  vortex  sheet  that  is 
shed  from  the  blade  trailing  edge. 


3.  FIBST  APPROXIMATION  FOR  THE  T RAILING-EDGE  VORTEX  SHEET 

In  order  to  proceed  with  the  analysis,  it  is  necessary  to  introduce  the  blade  geometric,  character¬ 
istics.  The  quantities  used  are  those  for  a  model  rotor  for  which  measured  tip-vortex  geometries  are  avail¬ 
able.  The  characteristics  of  this  rotor  are  described  in  Sec  5>  Also  a  different  value  of  the  ultimate- 
wake  geometric  pitch  angle  is  used  so  that  tan  0^  =  0.07  which  corresponds  to  a  Of  =  0,00303  for  this 
model.  Using  the  proce lures  of  Sec  2,  a  tip-vortex  strength  coefficient  is  determined  and  an  approximation 
to  the  tip-vortex  geometry  is  computed.  This  coefficient  remains  constant  throughout  the  analysis  whereas 
further  adjustments  tc  the  tip-vortex  geometry  will  be  made  in  Sec  4. 

The  vortex  sheet  that  is  shed  inboard  of  the  blade  radial  station  at  which  the  bound  circulation 
is  a  maximum  is  replaced  by  ten  vortex  filaments.  The  procedure  automatically  locnr.es  these  filaments  bo 
that  they  are  more  closely  spaced  over  the  radial  intervals  where  the  sheet  strength  is  greater  and  vice 
versa.  The  accuracy  of  the  filament  geometries  is  not  as  critical  as  for  the  tip  vortex.  This  assumes 
that  they  remain  separate  from,  and  inside  the  path  of,  the  tip  vortex.  The  effect  of  these  filaments  on 
the  aerodynamic  loading  is  more  pronounced  oi.  the  blade  sections  toward  the  blade  root  where  the  dynamic 
pressure  is  low  so  that  the  effect  on  the  total  thrust  is  small.  Therefore,  the  procedures  for  developing 
the  geometry  of  the  tralling-edge  filaments  will  be  more  approximate  than  that  for  the  tip  vortex. 

3.1  First  approximation  of  the  blade  collective  pitch  angle 


The  blade  bound  vortex  strength  coefficient  is  related  to  the  blade  characteristics  through  the 
Kutta-Joukowski  theorem  and  the  blade-element  theory.  Thus 
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This  equation  may  be  solved  for  0  so  that 
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The  induced  angle  variation  in  the  vicinity  of  the  blade  tip  is  computed  by  Eq  (14)  using  the  induced 
velocity  components  associated  with  the  axial  vortex  and  the  tip  vortex  in  its  second  displaced  position 
and  for  a  given  blade  angular  velocity.  An  example  of  this  variation  is  given  in  Fig  8  for  tan  0ffl  =  0.07 
and  shows  that  the  magnitude  of  the  induced  angle  is  a  minimum  at  r/R  =  0.89.  The  blade  bound  vortex 
strength  will  be  a  maximum  near  this  same  point  but  its  exact  location  will  depend  upon  the  distribution 
of  the  blade  twist  and  chord  length,  upon  the  variation  in  the  blade  airfoil  section  characteristics,  and 
upon  the  relative  velocity,  U.  In  terms  of  the  nondimensional  quantities, 

U2  =  (RAncr)"  [(^  +  v)2  ♦  w2]  .  (15) 

An  initial  value  of  9  is  obtained  from  Eq  (13)  by  setting  Cr  /C_  *=  1  and  substituting  the 

B 

values  at  r/R  =  O.89  for  the  other  quantities.  A  somewhat  better  value  of  8  is  obtained  from  Eq  (12) 
by  adjusting  0  slightly  and  observing  its  effect  on  the  radial  variation  of  the  bound  vortex  strength 
ratio.  When  this  ratio  reaches  a  maximum  value  of  1  at  some  radial  station,  then  the  necessary  condition 
on  the  bound  vortex  strength  is  satisfied.  Lacking  a  suitable  model  of  the  tip-vortex  shedding  mechanism, 
it  is  assumed  that  the  vortex  sheet  that  is  shed  from  the  blade  outboard  of  this  radial  station  immediately 
rolls-up  to  form  the  tip  vortex.  In  the  example  of  Fig  8,  the  condition  is  satisfied  at  r/R  =  0.905  at 
which  8  =  7.51°.  This  value  is  the  first  approximation  of  the  blade  collective  pitch  angle.  Given  the 
blade  twist  distribution,  the  usual  reference  pitch  angle  at  the  tip,  at  the  0.75R,  or  at  the  blade  root 
can  be  easily  established. 


3.2  Determination  of  the  geometry  and  strength  of  the  inner  filaments 


With  the  first  approximation  of  the  collective  pitch  angle  now  determined  and  for  the  computed 
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Figure  8.  Location  of  epanviae  station  at  which 
first  inboard  vortex  filament  is  shed 
from  blade  trailing  edge.  Tan  ■  0. 07 > 
Cr  =  0.004606;  eH-'O-OI. 
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Figure  9.  Axial  displacement  of  first  inboard  fila¬ 
ment  with  corresponding  radial  position 
proportional  to  local  tip-vortex  posi¬ 
tion.  Tan^  =  0.0T;  C  *  0.004604; 
eRMI.OI. 


values  of  the  induced  velocity  components  along  the  lifting  line,  the  ratio  of  the  blade  bound  vortex 
strength  to  the  tip-vortex  strength  is  calculated  by  Eq  (12).  The  radial  variation  of  this  ratio  is  also 
plotted  in  Fig  8.  The  stations  at  which  this  ratio  has  the  values  0.90  and  0.95  are  located  at  r/R  »  0.843 
and  0.862  respectively.  These  points  remain  fixed  for  the  succeeding  calculations.  A  vortex  filament  of 
one-tenth  the  strength  of  the  tip  vortex  but  negative  in  sign  is  shed  into  the  wake  at  r/R  =  0.862.  (it  is 
to  be  noted  that  the  strength  of  this  filament  will  be  allowed  to  vary  from  step  to  step  in  the  procedure 
but  its  Initial  shedding  point  will  not.  Its  strength  will  always  be  set  equal  to  the  negative  of  the 
difference  between  the  tip  vortex  strength  and  the  bound  vortex  strength  at  r/R  =  0.843  which  will  be 
determined  anew  in  each  step).  The  strengths  of  the  lifting  line  inboard  of  r/R  =  0.862  and  the  axial 
vortex  are  reduced  to  0.900^  and  -  0.90Cp  respectively. 

For  the  first  approximation,  the  filament  is  constrained  to  move  down  the  wake  along  a  surface 
whose  local  radius  is  proportional  to  that  of  the  surface  described  by  the  motion  of  the  tip  vortex.  The 
constant  of  proportionality  is  the  nondimensional  point  of  origin  of  the  filament  which  in  this  case  is 
0.862. 


The  procedure  begins  with  the  calculation  of  the  apparent  axial  velocity  at  the  blade  trailing 
edge.  This  velocity  has  contributions  from  the  tip  vortex,  the  lifting  line  with  its  stepped  circulation 
distribution,  and  the  axial  vortex  at  its  reduced  strength  (negative  with  respect  to  that  of  the  tip  vortex). 
The  axial  position  in  the  first  radial  plane  is  determined  using  an  expression  similar  to  Eq  (11)  except 
that  the  summation  begins  at  the  rotor  plane  instead  of  in  the  ultimate  wake.  The  corresponding  radial 
position  is  found  by  multiplying  the  radius  of  the  tip-vortex  surface  at  the  same  axitil  position  by  the 
proportionality  constant.  The  self-induced  effect  is  not  included.  The  apparent  axial  velocity  is  then 
computed  in  the  first  radial  plane  and  is  used  to  find  the  axial  coordinate  in  the  second  radial  plane. 

The  process  is  repeated  until  the  "ultimate"  wake  of  the  tip  vortex  is  reached.  An  example  is  given  in 
Fig  9.  The  distance  between  symbols  represents  180°  of  blade  rotation.  Corresponding  points  in  time  for 
the  tip  vortex  and  the  first  filament  are  indicated  by  the  same  symbol.  The  axial  distance  shown  covers 
about  two-thirds  of  the  total  distance  that  was  computed. 

The  axial  and  tangential  Induced  velocities  that  are  associated  with  the  tip  vortex,  the  axial 
vortex,  and  the  first  filament  are  computed  near  the  tip  of  the  lifting  line  and  the  Induced  angle  is 
determined.  In  this  case,  the  difference  from  the  distribution  of  Fig  8  are  slight  but  the  variation  is 
plotted  in  Fig  10  for  illustrative  purposes.  The  location  and  value  of  the  minimum  magnitude  of  the 
induced  angle  has  changed  and  this  determines  a  new  value  of  8  from  Eq  (13).  As  before,  the  bound  vortex 
strength  ratio  variation  is  calculated  and  after  several  adjustments  of  8,  the  necessary  condition  is 
satisfied  as  described  in  Sec  3.1.  The  resulting  variation  is  also  plotted  in  Fig  10.  The  bound  vortex 
strength  is  now  equal  to  the  tip  vortex  strength  at  r/R  =  0.90  for  8  =  7.50°.  The  bound  vortex  strength 
is  computed  at  r/R  =  0.843  and  the  strength  of  the  first  filament  is  now  set  equal  to  the  negative  of 
the  difference  between  the  strength  of  the  tip  vortex  and  the  bound  vortex  at  this  point.  The  origin  of 
the  first  filament  remains  at  r/R  =  0.862. 
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from  tlade  trailing  edge.  Tan  =  0.07; 

C  =  0.004604;  eRvO.01.  Figure  11.  Axial  displacement  of  second  inboard 

filament  with  corresponding  radial  posi¬ 
tion  proportional  to  local  tip-vortex 
position.  Tan  $  =  0.07;  C  =  0.00460h; 

eRvO.Ol.  "  F 
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The  locations  or  the  radial  stations  at  which  the  bound  vortex  strength  ratios  are  0.80  and  O.85 
are  found  to  be  r/R  =  0.818  and  0.829  respectively.  A  filament  is  shed  from  the  trailing  edge  at 

r/R  =  0.829  whose  strength  is  the  negative  of  the  difference  in  bound  vortex  strengths  at  r/R  =  0.843  and 

O.818.  The  magnitude  of  its  strength  is  very  nearly  one-tenth  the  strength  of  the  tip  vortex  and  is  so 
designated  in  Fig.  10.  Again  the  radial  station  of  origin  of  this  second  filament  is  not  changed  in  the 
succeeding  iterations  although  its  strength  may  be  changed. 

The  intersection  points  of  this  second  filament  with  the  radial  planes  are  located  in  the  same 
manner  as  described  for  the  first  filament.  However,  the  effect  of  the  first  filament  is  included  in  the 
computation  of  the  apparent  axial  induced  velocities  that  are  used  to  locate  these  intersection  points. 

In  addition,  the  bound  vortex  strength  is  decreased  at  r/R  =  0.862  by  an  amount  equal  to  the  strength  of 
the  first  filament  and  at  r/R  =  0.829  by  an  amount  equal  to  the  strength  of  the  second  filament.  The 
strengths  of  the  remaining  segment  of  the  lifting  line  and  the  axial  vortex  are  now  0.80  and  -  0.80, 
respectively,  of  the  tip  vortex  strength.  The  coordinates  in  the  radial  planes  of  the  intersection  points 
at  intervals  of  IflO  of  blade  rotation  are  shown  in  Fig  11.  Note  again  that  the  geometries  of  the  first 

filament  and  the  tip  vortex  are  not  changed  from  those  which  were  determined  previously. 

The  procedures  that  are  described  above  are  repeated  step-by-step  until  the  blade  root  is  reached. 
At  this  point,  any  circulation  that  remains  about  the  blade  Is  assumed  to  be  shed  into  the  wake  and  the 
geometry  of  the  corresponding  filament  is  determined.  As  a  result,  the  strength  of  the  axial  vortex  Is 
reduced  to  zero. 

This  completes  the  determination  of  the  first  approximation  for  the  geometry  and  strength  distri¬ 
bution  of  the  trailing-edge  vortex  sheet.  The  sheet  has  been  replaced  by  a  number  of  vortex  filaments 
whose  geometry  and  strength  are  found  by  a  process  that  marches  inboard  from  the  blade  tip  so  that  a 
simultaneous  solution  for  these  quantities  is  not  required.  The  procedures  automatically  maintain  the  con¬ 
dition  that  the  sum  of  the  filament  strengths  must  equal  the  strength  of  the  tip  vortex.  The  process  is 
justified  by  the  results  which  confirm  the  assumption  that  the  effects  of  the  inner  filaments  on  the  motions 
of  the  outer  filaments  are  not  appreciable.  In  this  regard,  computations  show  that  the  blade  collective 
pitch  angle  remains  essentially  unchanged  after  several  filaments  are  shed  into  the  wake  and  this  part  of 
the  procedures  may  be  omitted  beyond  that  point.  However,  it  will  be  seen  that  further  adjustments  to  the 
pitch  angle  will  occur  later  in  the  analysis. 


4.  ITERATIONS  ON  VORTEX  GEOMETRIES  AND  STRENGTHS 

The  wake  vortices  whose  geometries  and  strengths  were  computed  in  Secs  2  and  3  are  not  force-free. 
The  procedures  for  fulfilling  this  condition  are  essentially  the  same  as  those  employed  in  the  previous 
analyses  that  have  been  developed  by  other  investigators. 
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4.1  First  Iteration  on  the  Inner  filaments 


The  procedure  begins  with  the  calculation  of  the  apparent  axial  and  radial  velocities  at  selected 
points  along  the  position  of  the  first  filament  that  is  shed  inboard  of  the  blade  tip.  These  velocities 
contain  contributions  from  the  entire  vortex  system  including  the  self-induced  effect.  The  initial 
geometries  and  strengths  are,  of  course,  those  determined  in  the  preceding  sections.  The  first  displace¬ 
ments  of  the  intersection  points  of  tnis  first  filament  with  the  radial  planes  are  computed  in  the  same 
manner  as  that  for  the  tip  vortex  in  Sec  2  After  the  new  geometry  is  found,  the  collective  pitch  angle 
is  adjusted  and  a  new  strength  for  the  first  filament  is  calculated. 

The  next  step  is  to  calculate  the  apparent  axial  and  radial  velocities  at  selected  points  along 
the  position  of  the  second  filament.  The  difference  here  is  that  the  new  strength  and  geometry  of  the 
first  filament  ar;  used.  In  a  like  manner  and  after  a  new  filament  geometry  is  found,  the  collective 
pitch  angle  is  a  justed  and  new  strengths  for  the  first  and  second  filaments  are  calculated.  The  bound 
vortex  strength  outboard  of  the  point  at  which  the  filament  is  shed  is  also  adjusted  so  that  the  system 
conforms  to  the  Helmholtz  theorems. 

This  procedure  is  repeated  for  each  of  the  filaments  that  are  shed  from  the  blade  trailing  edge. 

4,2  First  iteration  on  the  tip  vortex. 

The  first  iteration  on  the  tip- vortex  geometry  is  accomplished  in  a  similar  way.  The  apparent 
axial  and  radial  velocities  are  computed  for  selected  points  along  the  position  of  the  tip  vortex.  These 
include  contributions  from  the  tip  vortex  using  the  geometry  found  in  Sec  2.4,  from  the  inner  filaments 
using  the  strengths  and  geometry  found  in  Sec  4.1,  and  from  the  corresponding  blade  bound  vortex  strength 
distribution.  The  procedure  for  displacing  the  intersection  points  of  the  tip  vortex  in  the  radial  planes 
is  the  same  as  described  before.  After  a  new  geometry  is  found,  the  collective  pitch  angle  is  adjusted 
and  a  new  distribution  of  the  blade  bound  vortex  strength  ratio  is  computed  by  Eq  (12).  The  nondimens ional 
thrust  loading  can  now  be  computed  from 


d  Cm 


d(r/R) 


(16) 


This  distribution  is  numerically  integrated  to  give  the  thrust  coefficient.  Since  the  bound  vortex  strength 
ratio  is  a  stepped  function  of  radius  and  if  the  stations  where  the  filaments  are  shed  are  taken  as  the 
calculating  points,  then  the  average  value  of  this  ratio  should  be  used  in  the  computation. 

The  calculations  have  not  been  carried  beyond  this  point.  The  results  that  will  be  discussed  in 
Sec  5  differ  from  the  measured  geometries  in  certain  aspects  which,  it  is  believed,  cannot  be  corrected 
by  further  iterations.  It  appears  that  the  theoretical  model  differs  from  the  physical  model  in  certain 
important,  but  unknown,  details.  One  area  that  is  under  investigation  is  the  vortex  core  size  and 
structure. 


4.3  Further  iterations  on  vortex  strengths  and  geometries 

Additional  iterations  can  be  performed  using  the  procedures  just  described.  The  positions  of  the 
inner  filaments  are  changed  with  adjustments  to  their  strengths  and  to  the  collective  pitch  angle  as 
required.  The  radial  stations  at  which  these  filaments  are  shed  and  the  tip-vortex  strength  coefficient 
are  held  constant.  Then  the  tip-vortex  position  is  adjusted  with  adjustments  to  the  pitch  angle  following 
as  necessary.  This  procedure  may  be  continued  until  the  changes  in  positions  between  successive  steps 
become  acceptably  small.  The  rotor  thrust  and  power  are  then  computed  using  standard  blade-element 
procedures. 


5.  COMPARISON  OF  PRELIMINARY  RESULTS  WITH  EXPERIMENT 

The  procedures  that  are  described  in  the  preceding  sections  have  not  yielded  an  acceptable  final 
geometry  for  tbr  vake  vortex  system.  The  results  that  follow  were  obtained  at  the  end  of  the  computations 
that  are  described  in  Sec  4.2.  No  concentrated  effort  has  been  put  forth  to  make  the  computing  procedures 
more  efficient.  Each  case  that  is  presented  has  taken  about  70  minutes  on  the  CDC  6400  computer. 

The  calculated  parameters  are  compared  with  the  experimental  results  of  Refs  2  and  3.  The  model 
rotor  had  the  following  characteristics: 

No.  of  blades  ...  1  Airfoil  section  .  .  .  NACA  0015 


Chord  . .'  15.24  cm  (constant)  Radius  .  1.22  m 

Twist  .  None  Tip  geometry  ....  Rounded  half 

body  of 

Solidity  .  0.040  revolution 


Fig  12  compares  the  measured  and  calculated  nondimensional  radial  and  axial  displacements  of  the 
tip  vortex  for  tan  =  0.07.  In  this  figure,  the  coordinates  are  referenced  to  the  rotor  radius  and 
only  cover  the  range  of  the  experimental  observations.  The  axial  positions  after  one  revolution  of  the 
blade  compare  favorably.  In  both  sets  of  data,  the  axial  position  of  the  vortex  oscillates  about  a  line 
having  a  constant  slope  of  approximately  0.07.  The  oscillations  correspond  to  the  close  passage  of  the 
inner  filaments  and  appear  to  be  approximately  l80°  out  of  phase  with  each  other.  This  is  an  inconsistency 
and  will  be  investigated.  For  the  first  turn,  the  data  comparison  is  not  good.  Although  the  axial  dis¬ 
placements  are  very  nearly  linear  during  this  interval,  their  slopes  are  appreciably  different.  In 
addition,  the  computed  rate  of  contraction  of  the  tip  vortex  is  considerably  less  than  the  measured  value. 
However,  the  computed  contraction  ratio  after  ten  revolutions  of  the  blade  agrees  very  closely  with  that 
measured  after  three  turns.  These  results  are  consistent  with  those  published  by  other  investigators  and 
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Figure  12.  A  comparison  of  measured  and  calculated  nondimensional  radial  and  axial  displacements  of 
the  tip  vortex. 


THRUST  COEFFICIENT.  CT«  II3 

Figure  iL.  A  comparison  of  measured  and  calculated 
values  of  the  axial  displacement  para¬ 
meter  for  the  first  turn  of  the  tip 
vortex  of  a  hovering,  single-bladed 
model  rotor. 


Figure  13.  A  comparison  of  measured  and  calculated 
collective  pitch  angles  for  a  hovering, 
single-bladed  model  rotor. 
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Figure  15.  A  comparison  of  measured  and  calculated 
values  of  the  axial  displacement  para¬ 
meter  lr.  the  ultimate  wake  for  the  tip 
vortex  of  a  hovering,  single-bladed 
model  rotor. 


Figure  16.  A  comparison  of  measured  and  calculated 
values  of  the  parameter  describing  the 
rate  of  contraction  of  the  tip  vortex 
of  a  hovering,  single-bladed  model 
rotor. 


Figure  17.  A  comparison  of  measured  and  calculated 
values  of  the  contraction  ratio  para¬ 
meter  for  the  tip  vortex  of  a  hovering, 
single-bladed  model  rotor. 


seem  to  support  the  previous  observation  that  Important  physical  details  have  not  been  properly  modeled. 

Figure  13  shows  the  comparison  of  the  calculated  and  measured  values  of  the  collective  pitch 
angle.  The  calculated  points  fall  within  the  range  defined  by  experiment.  The  apparent  scatter  of  the 
experimental  data  can  be  attributed  to  scale  effects.  The  3/4-radius  Reynolds  numbers  for  these  tests  were 
between  240,000  and  430,000.  Two-dimensional  data  for  the  NACA  airfoil  show  a  decrease  in  lift-curve 
slope  of  about  10$  over  this  range.  For  the  calculations,  a  =  5.73  per  radian. 


Figs  14  -  17  present  a  comparison  between  the  computed  and  measured  geometric  parameters  as  a  func¬ 
tion  of  thrust  coefficient.  The  measured  parameters  are  from  Refs  2  and  3  and  represent  a  good  approxima¬ 
tion  of  the  experimentally  observed  tip-vortex  geometry.  However,  they  are  to  be  viewed  as  average  values 
since  the  objective  of  these  tests  was  to  determine  a  simple  representation  that  would  be  suitable  for  per¬ 
formance  prediction.  As  may  be  seen,  the  agreement  is  good  for  the  contraction  ratio  and  the  axial  dis¬ 
placement  parameter  in  the  "ultimate"  wake  while  the  agreement  is  not  as  good  for  the  rate  of  contraction 
and  the  axial  displacement  parameter  for  the  first  turn  of  the  tip-vortex  helix. 


6.  CONCLUDING  REMARKS 

Theoretical  procedures  have  been  presented  which  permit  the  determination  of  the  vortex  geometry 
and  strength  distribution  in  the  wake  of  a  hovering  rotor.  The  method  begins  in  the  ultimate  wake  and 
proceeds  to  establish  the  complete  vortex  system  in  a  step-by-step  process.  This  system  is  then  allowed  to 
displace  as  required  until  the  force-free  condition  ’*t  fulfilled.  The  rotor  performance  is  based  on  this 
final  configuration. 

The  computed  results  compare  favorably  with  experiment  in  some  aspects  but  not  in  others.  In  this 
regard,  it  is  consistent  with  the  results  of  other  investigators  using  other  methods.  It  appears  that  cer¬ 
tain  important  physical  details  of  the  system  are  not  properly  modeled. 
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RAsumA 


Le  rotor  de  1'hAlicoptArs  a  AtA  le  premier  moyen  technique  qui  ait  permis  d'accomplir  le  vol  ver¬ 
tical.  C'est  d'ailleure  encore  le  plus  efficace.  L'expoaA  retracera  la  demarche  historique  qui  y  a  conduit.  Puis, 
en  examinant  les  diverses  limitations  auxqualles  il  s'est  heurtA  en  vol  stationnaire  et  en  vol  de  translation, 
il  AnumArera  lee  procAdAs  envisages  pour  l'ameliorer. 

En  annexe,  sera  donnA  l'historique  des  mAthodes  de  calcul  des  performances. 


INTRODUCTION 


1972,  voila  une  belle  annee  ou  1'hAlicoptere  se  porte  bien  si  nous  devons  en  juger  par  l'asBistance 
nombreuse  qui  est  venue  A  ce  CongrAs  de  Marseille,  capitals  frangaise  de  l'helicoptere.  Et,  cet  optimisme  nous 
porterait  facilement  A  une  attitude  d' auto-satisfaction,  Qu’ila  sont  loin  les  pionniera  qui  ont  crAe  petit  A  petit 
1'hAlicoptAre  d'aujourd'hui  et  que  nous  mepriserions  facilement  de  n'avoir  pas  su  construire  les  merveilleuses 
machines  que  nous  produiaons.  Et  quant  A  chacun  d'entre  nous  ici,  il  pense  avoir  adaptA  but  ses  hAlicoptferes  tous 
les  progrAs  possibles  et  imagine  souvent  mal  quel  progrAs  nouveau  pourrait  y  6tre  incorporA. 

Ces  deux  attitudes  sont  Avidemment  inadmissibles,  car  ce  sont  nos  devanciers  qui  nous  ont  permiB  de 
parvenir  au  point  actual  et  il  ne  faut  pas  que  nous  croyons  que  le  progrAs  technique  de  la  voilure  tournante  s'ar- 
rdte  A  ce  que  nous  savions  en  sortant  de  l'Acole  ou  aux  amdliorations  que  nouB  pouvions  prdvoir  A  cette  dpoque. 

Pendant  que  l'avion  A  voilure  fixe  connaissait  le  prodigieux  progrAs  en  vitesse  et  en  distance  fran- 
chissable,  il  restait  congdnitalement  embarrassd  de  sa  vitesse  minimale  de  sustentation  pour  quitter  ou  rejoindre 
le  sol,  et  I'intdrBt  considdrable  d'enploi  que  prdsente  un  domaine  de  vol  qui  inclut  l'ensemble  de  la  surface  ter- 
restre  et  non  pas  seulement  quelques  pistes  bien  choisies,  pressait  les  chercheurs  de  trouver.  Mais,  le  problAme  de 
vol  immobile  e3t  autrement  plus  ardu  que  celui  de  la  glissade  sur  l'air  et  il  suffit  de  remarquer  comma  une  mouette 
qui  plane  paisiblement  sur  ce  port  doit  s'agiter  fdbriloment  pour  B'envoler  et  se  poser,  pour  mesurer  qu'il  y  a  bien 
une  diffdrence  de  nature  entre  les  deux  problAmes. 

Mon  exposd  n'a  pas  la  prdtention  d'fitre  une  revue  historique  complete  du  rotor  de  1'hdlicoptAre, 
d'abord,  parce  que  certains  d'entre  vous  ici  ont  A  ce  sujet  beaucoup  plus  d1  experience  ou  de  connaissance  que  moi- 
mfime  et  que  l'histoire  complete  du  rotor  d'hAliccptAre  nAcessiterait  un  livre  entier. 

Je  remercie  M.  Francis  Maillard  d'avoir  bien  voulu  pour  sa  part  se  charger  de  dresser  un  petit  histo¬ 
rique  (cf  annexe)  des  perfectionnenents  successifs  des  mAthodes  de  calcul  de  performance  du  rotor.  Il  a  lui-mftne 
vAcu  toute  cette  pAriode  passionnante  et  parle  de  tout  cela  en  tAmoin  aetif  qu'il  fut. 

Par  contre,  J'essaierai  de  rappeler  comment  les  diffArentes  limitations  rencontrAes  dans  l'smAliora- 
tion  des  hAlicoptAres  se  sont  rAvAlAes  et  ont  pu  6tre  progressivement  Aloignees  ou  supprimAes.  Et  surtout,  je  vou- 
drais  insister  sur  le  fait  que  1'hAlicoptAre  est  encore  une  technique  en  pleine  jeunessej  que  son  Avolution  techni¬ 
que  est  loin  d'Atre  terminAe  et  que  les  progrAs  considArablea,  encore  possibles,  devraient  lui  permettre  de  fournir 
A  des  utilisateurs  de  plus  en  plus  nombreux,  des  services  de  plus  en  plus  grands, 

LE  VOL  STATIONNAIRE 

C'est  naturellement  par  ce  point  du  domains  de  vol  que  nous  commencerons  puisque  c'est  bien  dans  cet 
ordre  que  le  problAme  a  AtA  abordA  par  les  helicoptAristes  (A  la  difference  des  avionistes  qui  cherchent  depuis  dix 
ans  A  a  j  outer  cette  possibilitA  de  vol  vertical  A  des  avions  congus  pour  le  vol  de  croisiAre)  i  comment  dAcoller  et 
se  maintenir  en  vol  immobile  ?.  Une  premiAre  Avidence  s'impose  i  puisqu'il  faut  un  dAplacement  relatif  d'une  surface 
par  rapport  A  l'air  pour  gAnArer  des  forces  et  puisque  l'apparoil  est  supposA  immobile,  il  faut  que  des  surfaces  por- 
portantes  se  dAplacent  par  rapport  A  l'appareil;  comme  par  ailleurs,  le  seul  mouvement  que  la  teohr.ologie  sait  rAali- 
ser  commodAment  est  le  mouvement  de  rotation  uniforme,  il  faut  faire  toume:  des  ailes  ou  des  pales  autour  d'un  axe. 
Nous  voici  dono  cooluits  immAdiatement  A  1'hAlice  de  LAonard  de  Vinci  (qui  n'est  pas  encore  une  voilure  tournante), 
et,  au  debut  de  c«  eiAcle,  tous  les  chercheurs  et  savants  travaillent  sur  1'hAlice. 

Avant  de  regarder  lours  travaux,  arr§  tone-nous  iw  instant  sur  les  autres,  ceux  qui  choisissent  des 
voles  diffArentes  •  Quo  de  projets  avortAs  d'aArortynes  a  ailes  battantes#  fit  p cur tan t,  les  oiseaux  volent  ainsi  et 
parviennt  a  dee  performances  de  vitesse  importantee,  qui,  transposAes  en  similitude  de  Froude  aux  tonnages  des  machi¬ 
nes  actuellea,  (rapport  de  vitesse  **  6  V^rupport  de  masse)  sont  de  1* ordre  de  500  km/h.  Comment  ferez— vous  pour 
vous  dAplacer  avec  votre  hAlice  k  axe  horizontal  ?• 
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La  pari  technique  du  rotor  d’hlllcoptkre  aa  dlplaqant  dans  eon  plan  at  aovnia  k  d'atrooea  dia- 
symltries  paralt  oontra  natura  at  dltourne  da  lul  da  noabrauz  cherchaura  qul  vaulant  tenter  du  premier  ooup  une 
synthkse  antra  laa  nlcessitls  du  vol  atatlonnalra  at  du  vol  da  translation.  Mala  lea  inventeurs  d'ailea  battante* 
ou  toumantea  autour  d'autrea  axes  qua  l'axa  vertical,  comae  la  cyclo-gyro,  kchoueront  aur  ce  qul  a  lt»5,  eat 
encore  et  restore  longtamps  le  problems  nwlro  un  da  toutea  noa  realisations,  la  tanua  an  fatigue,  laa  vibrations 
at  l'adrodlasticitd. 

La  reieon  qul  a  consult  la  nature  k  ohoinir  c*tta  solution  quatre  foi"  (*)  au  enure  d«  1  'ArcluU.”1, 
reside- t-olle  dans  das  avantages  epdcifiquas  ou  blen  dona  1'  impossibility  biologique  da  falre  autrement  ?. 

On  n'a  pas  encore  tranche  ddflnitlveaent  la  question  dee  avantages  apdclfiques  da  l'aile  battante, 
mala  si  Oemichen  (*•)  avait  panchd  pour  le  oul,  Vance  A.  Tucker  (***)  semble  avoir  donnd  une  grande  probability  au 
nor,  m  is  lytte.t  le  tiler  S'  iseaua  \  t*  er  U  Itart  done  pe.oe*  qua  i* 

de  l'aile  battante  a  passe  par  la  resolution  du  glgantasque  problkme  de  fatigue  pose  par  le  mouvement  altematif  at 
qua  o'aet  dans  la  structure  fibreuse  et  conetaament  renouvelde  dea  oe  at  dee  plumes  vlvantee  qu'elle  l'a  ltd  (il  na 
sa  pose  rdellement  qua  pour  las  groe  oiseaux  an  raison  de  la  croiesanoe  dee  contraintee  comma  la  racine  cubiqua  de 
la  masse  en  similitude  de  Froude). 

Revenons  alors  k  cetta  holice  k  axe  vertical  qul  va  nous  permettre  de  rdaliser  un  rkva  ai  ancien  i 
nous  tanlr  an  l'air  lmmobiles  ou  nous  voulons. 

La  premiere  limitation  qul  apparalt  immddiatement  est  une  limitation  de  performance.  Pour  enlever  le 
moteur  et  sa  transmission  de  mouvement,  l'hdlice  eile-m8me  et  son  pilots,  il  faut  une  poussde  superieure  au  poids  et 
lee  helloes  cutuiueS  he  procuruiit  pus  cette  pouaBka.  Et  la  wauldne  de  Lkoiiaril  de  Vinci  mkcunnalt  une  premikre  lol  fun¬ 
damentals  qui  relie  la  poussde  au  diamktre.  Il  est  inutile  comme  l'indiquent  see  dessins  de  prdvoir  une  surface  de 
pale  qui  faase  deux  fois  le  tour  de  l'hdlice;  qa  n'est  pas  en  augmentant  cette  surface  de  pale  que  l'on  augmentera 
In  tMiusla,  ual_  bien  «.  le  ilwitre.  Truuie,  'reii^rd,  i*4gv»t  'steAlu  unt  thaeusi  leuns  ciAffres  de 

de  l'hdlice  en  air  immobile)  la  poussde  maximale  d'une  hklice  par  unite  de  puissance  installee  est  like  k  la  charge 
de  dieque  de  faqon  ineluctable  et  le  maximum  que  l'on  peut  en  espdrer  foumit  une  reference  commode  de  qualite,  uni- 
formement  utilises  aujourd'hui,  „  - 

M  -  ohiffre  de  Merite  «-•  £  »  . .  <  1 
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Pour  soulever  l'heiicoptkre,  il  va  done  fallolr  apprendre  k  construire  des  helices  de  grand  diamktre. 
La  liste  est  longue  de  oeux  qui  se  lanceront  dans  des  constructions  d’appareils  grandeur,  male  la  valour  des  efforts 
k  encaisser,  de  la  force  centrifuge,  du  moment  d'encastrement,  un  devis  de  masse  extrememsnt  precaire,  ajoute  k  des 
problkmes  de  stabilite  et  de  pilotage,  qui  sont  en  general  k  cette  kpoque  simplement  escamotes,  ne  permettront  que 
des  experiences  sans  resultats  pratiques.  Et  puis  vient  le  premier  miracle  de  l'heiicoptkre,  le  rotor  genial  de 
La  Cierva.  Conscient  de  1 ' insuf f isance  des  moteurs  de  son  kpoque  et  de  la  trop  grande  complexite  du  problkme,  il 
renonce  k  l'heiicoptkre  a  decollage  purement  vertical  et  nrunit  sea  avionB  d'uns  voilure  autogire  qui  tourne  en  auto- 
rotatian  k  la  place  de  la  voilure  fixe.  Lee  premiers  modkleB  ont  encore  des  pales  naubanees  pour  encaiBser  le  moment 
fiechissant  et  une  aile  auxiliaire  avec  des  gouvemes  claasiquesj  male,  les  machines  marchent  mal  et  roulent  an 
raison  de  la  dissymetrie  aerodynamique .  Alors  La  Cierva  invents  cette  gdniale  articulation  de  battement  qui.  rksout 
tous  les  problkmes  d'un  ooup  et  lea  vols  du  quatrikme  appareil,  le  C4,  k  la  fin  de  1922  marque  rent  la  premikre 
ktape  capitale  de  l'hiatoire  du  rotor. 

Structuralement,  il  n'y  a  plus  de  momant  fldchissant  et  la  foroe  centrifuge  qui  ne  pkse  rien  devient 
une  amie  en  se  charge  ant  de  remplir  la  fonction  de  haubanj  l’appareil  ne  roule  plus  puisque  par  une  conjonctlan  heu- 
reuse,  la  pale  se  trouve  battre  autour  de  son  axe  avec  une  frequence  qui  est  justement  kgale  k  la  frequence  de  rota¬ 
tion  et  que  la  phase  de  ce  mouvement  de  battement  s'ajuste  d'elle-nSme  k  la  phaee  de  la  variation  de  vitesse  rela¬ 
tive  pour  augmenter  1' incidence  de  la  pale  qui  recule  et  diminuer  cells  de  la  pale  qui  avance.  Et,  puisqu'il  n'y  a 
plus  de  moment  transmis  au  mat,  on  peut  le  m&noeuvrer  facilement  pour  piloter  l'appareil  et  supprimer  ainei  l'aile 
et  sea  gouvemes. 

Le  second  miracle  sera  l'ouvre  de  Brkguat  qui  poursuit  avec  tknacitk  son  projet  d'hklicoptkre  k  vol 
vraiment  vertical.  Abandonnant  le  rotor  biplan  qui  lui  avait  perais  de  voler  dks  1907,  il  reprend  le  rotor  de 
La  Cierva.  Il  trouve ra  le  moyen  d'articuler  les  pales  suivant  leur  axe  longitudinal  pour  commander  le  pas  de  fa? on 
cyclique  (nouveau  haaard  heureux,  la  frequence  naturelle  du  mouvement  est  encore  sensiblement  kgale  a  la  frequence 
de  rotation  du  rotor),  permettant  de  dissocier  l'orientation  du  rotor  nkcossaire  au  pilotage  et  l'orientation  de  son 
axe,  fixk  cette  foia-cl  rlgidement  k  l'appareil  et  k  eon  moteur.  Le  gyroplane  Brkguet-Porand  surpassera  considkra- 
blemsnt  en  1936  tous  les  records  d'hklicoptkre  et  sera  veri tablement  la  premikre  configuration  comportant  tous  les 
organes  de  notre  hkliooptkre  d' aujourd'hui. 

Les  rotors  coaxiaux  de  Brkguet  sont  oeux  qui  se  rapprochent  le  plus  du  schema  de  Froude.  Ce  schema 
bien  connu  idealise  le  rotor  bouf  forms  d'un  models  de  disqus  qui  agit  comme  une  pomps  volumetrique  en  faisant  subir 
a  l'air  qui  le  traverse  une  surpreasion  A.  P,  Fig.  1.  Si  le  nombre  de  pales  est  assez  grand  et  si  on  prkvoit  deux 

. ulors  yuliiuni  Vounuuit  Si.  SenS  iuveiW,  il  Sat  futile  dS  VOiT  qUf  tfW  cooiffijlatiau  cSt  iigltiSfe,  1 1  Equation  de 
Bernoulli  en  mouvement  non  permanent  n  .  -  . 
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montre  bien  qus  le  potentiel  cr ii  par  la  circulation  autour  des  pales  V varie  de  fa?on  brusque  en  dessous  et  en  des- 
sus  du  disque  et  qus  toutes  les  molecules  d'air  qui  ont  t  rave  red  le  disqus,  mkme  sans  avoir  touche  les  pales,  sont 
souraises  k  ce  gain  de  preasion  totals.  Ce  gain  est  constant  si  les  pales  sont  k  circulation  constants  et  l'Ach«pp»- 
ment  tourbillonnaire  se  rkduit  k  un  dibit  en  extrkmitl  de  dieque,  ce  qui  correspond,  il  est  facile  de  le 

voir,  k  1' optimum  de  ce  schema  at  donne  une  vitesse  induite  constants  kgale  k  la  moitil  de  la  vitesse  du  souffle  k 
grande  distance. 

(*)  Les  insectea,  les  ptkrodactyles,  les  oiseaux  et  les  chiroptkres, 

(**)  Oehmichen.  Nos  maltres,  les  oiseaux. 

(*»*;  Tut  suergetiut  ul  uir>l  flight  <suaritla.  EcientSfltS.  Ray  1  jt-j. 
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Lea  seules  pertae 
y  a  lieu  i 


par  rapport  &  ca  sohkma  sont  lea  pertas  da  frottement  aur  lea  pales  at  pour  lea  minimieer,  11 


.  da  ohercher  dee  profile  k  grande  f  me  a  se  j 

.  da  ohoiair  une  forme  an  plan  hyperbolique  at  un  vrillage  kgal ament  hyperbolique; 
.  da  choiair  une  faibla  vi tease  pkriphkrique  pour  qua  l'angle  moyan  da  eillage  ne 
s'kloigne  pas  trop  da  45°  (suivant  la  thkerie  claaaique  da  l'hklice 


_ t3  J3 
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Les  rotora  da  Brkguet  a'efforceront  da  remplir  ces  conditions  k  l'exeeption  toutefoia  de  la  vitee- 
aa  pkriphkriqua  qui  rkagit  directement  aur  la  couple  nkceeeaire  k  l'entralneaent  des  rotors  at  done  aur  la  masse 
du  rkducteur  principal. 


D'autres  dispositions  de  rotors  aeront  essaykes.  Quelques  mois  aprkB  Brkguat  (1938),  Focke  a1 ad ju¬ 
gs  ra  tous  lea  records  et  traversers  l'Allemagne  a  vac  un  appareil  &  deux  rotora  latkraux.  Puis  Sikorsky  trouvera  la 
diapositian  monorotor  &  hklice  anticouple  qui  ee  gknkralisera  at  s'aat  imposke  Jusqu'k  noa  jours  k  plus  de  9  hkli- 
coptkrea  aur  10.  Bell  fera  voler  la  premier  helicopters  k  rotors  en  tandem.  Vera  1950,  l'apparition  de  la  turbine 
k  gaz,  beaucoup  plus  lkgkre,  achkvera  de  donner  k  l'hklicoptkre  sa  physlonomie  d'aujourd'hui,  sans  oubller  la 
Fenestron  de  notra  malson  en  1970. 


Ces  diversea  configurations  qui  suivant  cellea  de  Brkguet  sont  akrodynamiquement  un  peu  molns  bonnes 
puiaqu'une  partie  de  l'knergie  eat  perdue  par  rotation  de  la  velne  d'air,  et  ceci  modifie  legerement  1' optimisation 
akrodynamique  du  disque  sustentateur,  en  obligeant  k  ce  qua  la  circulation  des  pales  at  la  portance  s'annulent  au 
centra  du  disque,  mala  compte  tenu  de  la  forte  vi  tease  pkriphkrique  dkjk  nkcessaire  par  ailleure  et  de  l'impossibi- 
litk  pratique  de  donner  aux  pales  une  corda  infinie  an  emplanture,  cette  parts  eat  faible  et  de  l'ordre  de  1%  (*)• 
Quelques  pertea  (5$)  kgalemsnt  sont  k  ictribuer  au  nombre  de  pales  finies  et  k  la  perte  induite  an  bout  de  pale(**). 

Male  en  fait,  le  problkme  da  1* optimisation  d'un  rotor  au  point  fixe  eat  immoral,  en  ce  eena  qu'il 
faudrait  se  donner  beaucoup  de  mal  pour  amkliorer  de  quelque  pour  cent  l'efficaeitk  sun  fen  ta  trice  et  rkeiproquement 
il  est  possible  de  fairs  subir  k  la  configuration  optimale  beaucoup  d'outragea  sans  que  l'efficacite  descende  beau¬ 
coup. 


Si  on  regards  lea  rotors  d'aujourd'hui  et  qu'on  lea  compare  k  ceux  de  Brkguet  et  aux  hklicea  encore 
antkrieures,  on  pourra  6tre  surpris  da  leur  trouver  peu  d'avantages. 

Une  fois  passe  le  cap  du  gyroplane  de  Brkguet,  qui  avait  enfln  permis  de  ccneidkrer  le  problkme  de 
la  pousske  en  vol  stationnaire  comma  rkaolu,  on  a  au  contra  ire  aesistk  k  une  dkgradation  progressive  des  performan¬ 
ces  de  qualitk  suatentatxi.ee  (chiffre  da  Hkrite)  des  hklicoptkrea  et  de  leurs  rotors.  La  configuration  aveo  rotor 
de  queue  est  moins  efficaoe  que  cells  de  Brkguet,  mais  nous  eavons  qu'elle  est  plus  lkgkre  k  construire;  la  viteBsa 
pkriphkriqus  des  pales  a  eu  tendance  k  augmenter  et  la  surface  des  pales  k  dlminuer  bien  au-delk  du  compromis  opti¬ 
mal,  d'ou  un  rendement  propre  guere  mellleur  que  0,7,  mala  o'est  pour  dee  impkratifs  de  vol  en  translation;  la  forma 
en  plan  eat  de  venue  rectangulalre,  car  e'est  la  aeule  qui  ait  pu  itre  fabriquke  oommodkment;  le  vrillage  est  beau¬ 
coup  trop  faible  parce  qu'un  vrillage  trop  klsvk  fatigue  lee  pales  en  vol  rapids;  le  profil  n'est  pas  oambrk  pa  roe 
qus  la  cambrure  donne  des  efforts  dans  les  commandes  de  vol,  eto...  . 

Tout  oeoi  nous  amkne  k  ne  pas  itre  fiers  du  chiffre  de  Hkrite  dea  hklicoptkrea  d'aujourd'hui,  qui  ee 
situe  tout  compris  entre  0,4  et  0,5, 

Bn  terminant  ce  rapids  tour  d'horizon  des  moysne  utilieks  pour  le  vol  vertical,  Je  dirai  s implement 
un  mot  de  la  configuration  de  l'hklice  carknke  k  laquelle  J'ai  consacrk  autrefois  personnellemsnt  beaucoup  d'efforts. 
L'hklice  libre  habituslle  remplit  deux  fonctions  simultankes  t  foumir  k  1'air  qui  la  traverse  l'knergle  nkcessaire 
pour  provoquer  le  mouvement,  et  encaisser  la  force  qui  en  rkeulte. 

C'est  cette  double  fonction  qui  entrains  que  la  surface  efficace  du  jet  k  l'infinl  soit  rigourause- 
ment  la  moitik  de  cells  du  disque  da  l'hklice.  N'est-il  pas  possible  en  skparant  les  deux  fonctions  prkekdentes,  da 
les  assurer  mieux  et  d'kchapper  k  cette  fatalitk  ?.  La  rkponse  est  positive  s  en  disposant  des  Burfaoes  annulairee 
autour  de  l'hklice,  on  peut  parrenlr  k  guider  la  veins  d'air  k  sa  sortie  et  k  lui  imposer,  par  un  angle  ds  divergence 
aval  Important,  n' imports  quelle  surface  efficaoe  k  l'eo  .  Bn  fluide  parfait  incompressible,  il  n'y  a  done  pas  de 
limits  supkrieure  au  chiffre  de  Hkrite,  mais  lea  limitations  viennent  d'autre  part  i 

d'abord  de  la  visooeitk  du  fluide  qui  provoque  les  dkcollements  de  l'air  dans  la  couchs  limits  du  diffuseur.  11  est 
done  nkcessaire  d" organiser  la  rtgknkratior.  de  cette  court*  limite  et  l’kiergie  alnei  dtpeneke  fait  que  le  chi£Cie 
de  Hkrite  comports  une  limite  supkrieure  dkpendant  de  la  visooeitk  du  fluide;  ensuite,  k  un  moindxe  degrk,  le  dkbit 
k  travere  l'hklice  eat  11ml tk  per  la  compreeaibilitk,  et  oeoi  Joue  pour  les  trks  fortes  chargee  de  disques  supkrieu- 
ree  k  1000  ou  2000  kg/m 2, 

111  I'cu  ee  gubiskte  d'uu  wrtU  jylJ-x'.rlq'ja,  1*  thllTfe  it  TUnte  rifiwtf  V  I'hiJLn  tves  1-  aAi* 
rkfkrence  que  l'hklice  libre,  est  limitk  par  la  valeur  et  de  fapan  pratique  dee  chiffres  de  l'ordre  de  1,1  ant 
pu  itre  obtenus  (V"2  x  0,7  k  0,8). 

Aveo  une  sortie  dlvergente  k  45°,  la  Sociktk  Bertin  a  obtenu  grftce  k  une  stabilisation  de  souf flags 
du  diffuseur,  un  chiffre  de  1,7  ( V2  x  1,2)  en  oomptabilisant  l'knergle  de  soufflage  sans  pertes  de  charge  (Fig.  4). 
Aveo  cette  mime  sortie,  la  Stk  NORD-AVIATICM  a  pu  obtenir  un  chiffre  proche  de  1,4  ( y2  x  0,95)  en  stabilisant  la 
couche  limite  grftoe  k  un  tourbillon  pikgk  entretenu  par  la  rotation  mime  de  l'hkliee,  e'eet-k-dire  sans  fairs  appel 
k  aucune  autre  source.  Mais,  fairs  voler  un  avion  k  hklice  carknke  est  d'un  tout  autre  ordre  de  difficulty  sensible 
litk  aux  rafales,  effet  de  aol  n jfaste,  violent  effet  de  tangage  de  la  translation,  tralnke  trks  klevke  dea  oarkna- 
gea  k  grande  viteeee.  Le  rotor  libre  de  l'hkliooptkre  a  peu  k  craindre  pour  le  moment  de  cette  concurrence. 

(*)  Shapiro.  Principles  of  Helicopter  Engineering. 

(**)  Sieeing.  B  «  0,97 
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L£  VOL  EN  TRANSLATION 

Nous  avons  ddjk  dit  comment  La  Cierva  d'un  coup  avait  invents  le  rotor  que  nous  connai  sons  au- 
Jourd'hui  at  qua  1* articulation  da  battement  avait  rdsolu  gdnialement,  k  la  foisdes  problkmes  da  ldgkretd  struo- 
turala,  da  mdcaniqua  du  rotor  at  de  pilotage, 

Brdguet,  Focloe,  Sikorsky  at  las  autres  exploitkrent  cetta  merveilleuse  idde  pour  donner  naissanca 
k  la  foma  claaaique  du  rotor  articuld,  qui  est  encore  aujourd'hui  ccmplktement  gdndralisde. 

Comment  alors  vont  apparaltre  lea  limitations  de  vitesse  ?.  Sur  las  premikres  machines,  ce  sont 
manifestement  das  limitations  de  puissance  at  ceoi  sous  la  forme  la  plus  simple  qui  soit,  k  savoir  la  tralnde  du 
fuselage. 


En  ca  qui  concerns  le  rotor  lui-mlme,  la  miss  an  translation  d'un  disque  sustentateur  s'accompagne 
an  affat  d'un  effat  favorable  sur  la  puissance  ndcessaire  prise  en  compte  dkB  1 926  par  Glausrt  k  I'occasion  das 
calculs  d'autogirea,  at  il  n'est  que  de  regarder  la  fig.  5  pour  le  comprendra, 

Alors,  an  effat  qu'an  vol  stutionnaire  la  portanoe  est  gdndrde  par  l'accdidration  vers  le  bas  de 
l'alr  qui  a  traversd  le  rotor  et  de  lui  seul,  la  miss  an  translation  produit  sur  la  veins  tourbillonnaixe  un  en- 
roulaaent  un  peu  analogue  k  celui  de  la  nappe  tourbillonnaire  de  l'aile,  si  bien  que  nous  pouvons  y  distinguer 
trois  categories  da  moldculea  d'air  i 

(1)  ,  das  moldculea  qui  ont  traverse  le  rotor  et  Bubi  le  saut  de  pression  A p  ; 

(2)  •  des  moldoules  qui  passent  suffisamment  loin  du  rotor  pour  dchapper  complktement 

k  son  influence  at  retrouver  k  l'infini  aval  lea  mfimee  pression  et  vitesBe  k 
l'amont  at  qui  na  participant  done  en  rien  k  1' affaire | 

(3)  .  des  moldculea  qui,  sans  fltre  passdes  dans  le  rotor,  s'en  sont  approchdes  euffi- 

samment  pour  Itre  captdee  par  les  vitesses  induites  de  l'enroulement  tourbil¬ 
lonnaire. 

Cette  demlkre  catdgorie  da  molecules  augments,  tout  compte  fait,  le  ddbit  d'air  sur  lequel  s'ap- 
puie  l'hdlicoptkre  et  produit  done  une  baissa  de  la  puissance  ndcessaire  au  vol,  si  bien  que  l'hdlicoptkre  qui  a 
reusai  k  ddcoller,  a  ipso  facto  suffisamment  de  puissanoe  pour  atteindre  des  vitesses  de  100  a  150  km/h. 

Malheureusement,  le  fuselage  d'un  type  cage  k  poule,  que  l'on  a  dtd  contraint  de  conBtruire,  n'a 
rien  de  bien  fin  et  constitue  au  ddpart  la  principals  limitation.  M6me  en  1970,  il  faut  savoir  que  ces  resistances 
passives,  comma  la  tlte  du  rotor,  le  moyeu,  le  moteur,  le  train,  etc...  sont  encore  plus  coflteuses  en  puissance 
dissipda  que  tout  le  reste,  y  compris  la  nacelle  des  paseagers.  Main  lk  n'est  pas  le  sujet  et  nous  reviendrons  au 
rotor  (Fig.  6). 


La  premikre  limitation  en  vitesse  du  rotor  apparalt  danB  la  limitation  de  portance  de  la  pale  recu- 
lante.  Plus  l'hdlicoptkre  va  vite,  plus  la  pale  reculante  va  doucement,  et  comma  grosso  modo  il  faut  bien  quo  cette 
pale  ports  sa  part  de  l'appareil,  (ne  eerait-ce  que  pour  l'dquilibre  en  rouliB),  voile  que  cette  limitation  de 
vitesse  minimale  que  l'on  ddnonpait  sur  l'avion  k  voilure  fixe,  rdapparaiseait  comme  limitation  de  vitesBe  maximale 
de  l'hdliooptkrs.  Male,  fort  bemusement,  de  nomtreux  factem  f&vorablee  vont  fane  que  cstte  limitation,  pendant 
de  longues  anndea,  ne  sera  pae  vraiment  critique. 

D'abord,  la  pale  ne  passe  en  position  reculante  que  pendant  un  court  instant  et  les  ddcollements  se 
manifestent  dans  cee  conditions  d'une  fapon  beauooup  plus  tardive  que  dans  le  cas  d'dcoulements  permanents.  Pour 
fixer  lee  lduee,  uu  pxufii  aymbtrique  quo.  ue  ptu-u.  qte  »  »  i,i  e..  rugim  pfciwi.^iA,  uepasse  2  an  r%iuu  trauoi- 
toire.  Bien  qu'ignord  ou  mal  pris  en  compte,  encore  rdeemment,  on  peut  afftrmer  que  ce  phenomkne  heureux  a  repoused 
lpeo  facto  d'au  moins  50  km/h  les  limited  d'apparition  de  ddcrochage  et  que,  conclusion  pratique  pour  les  chercheure 
d'aujourd'hui,  les  travaux  future  d'investigation  sur  de  nouveaux  profils  ou  ds  nouvelles  configurations  de  rotor 
ont  peu  de  sens  s'ils  ne  cherchent  pas  dke  le  ddpart  k  cemsr  les  phenomenes  dans  css  conditions  transitoires. 

Ensuite,  le  ddbut  de  ddcrochage  de  la.  pale  reculante  n'est  pas  une  limite  infranchissablej  il  ne  se 
tradult  pae  comma  but  la  voilure  fixe  d'une  perte  de  manoeuvrabilitd  de  l'appareil,  mais  eeulement  par  des  vibra¬ 
tions  ri«nn  les  commandes  dues  au  reoul  du  centre  de  poussde,  ou  par  des  contraintes  accrues  dans  les  pales.  Par  ail- 
lsurs,  par  raison  de  symdtrie,  la  baiese  de  portance  de  la  pale  reculante  amkne  une  baisse  de  portance  de  la  pale 
avanpante  dont  l'extrdmitd  peut  mime  It  re  ddporteuse,  et  le  ddficit  global  est  rdparti  sur  les  pales  en  positions 
AV  et  AR.  La  puissance  ndeessaire  au  vol  augments  bien  dvidemment,  mais  ceci  reste  moddrd  et  admissible  jusqu'k  un 
certain  niveau  de  ddcollements.  Il  y  a  done  lk  une  barrikre,  abeolue  bien  sCtr,  mais  qui  apparalt  progressivement. 

Que  fairs  pour  aller  plus  vite  ?,  une  fois  atteinte  la  limite  de  ddcrochage,  il  faut  impdrativement 
augmenter  la  vitesse  pdriphdrique,  ceci  va  naturellement  augmenter  globalement  la  puissance  perdue  par  la  tralnde 
propre  des  pales,  mais  laisser  le  ddcrochage  s'instaurer  coflterait  encore  plus  cher  en  puissance  et  en  limitations 
diverses,  Mais  en  augmentant  cette  vitesse  pdriphdrique,  nous  atteignons  la  limitation  de  vitesse  supdrieure  de  la 
voilure  fixe  avec  1' apparition  sur  la  pale  avanqante,  cette  foie,  des  phdnomknes  de  compressibilitd  (ondes  de  choc, 
bruit,  augmentation  de  tralnde).  Si  la  tendance  k  partir  de  1945  va  Itre  d' augmenter  la  vitesso  pdriphdrique,  celle- 
ci  sera  presque  stabilisde  vers  un  peu  plus  de  200  m/s  a  partir  de  1955. 

Par  rapport  an  rotor  de  1950,  le  rotor  de  1970  a  grattd  encore  quelques  points,  par  example  1 

.  en  augmentant  la  surface  des  pales,  ce  qui  retarde  le  ddcrochage  de  la  pale  reculante  sans 
aggraver  les  phdnomknes  de  compressibilitd.  Mais,  ceci  coQte  cher  en  masse  de  pales  et  en 
tralnde  de  profil) 

.  en  aff inant  les  profile  d'extrdmite  jusqu'k  6$  d'dpaisseur  relative  par  exemple,  pour  per- 
mettre  de  toumer  un  peu  plua  vitej 

.  en  multipliant  le  nombre  de  pales  et  en  mettant  des  servo-commandes  pour  reduire  la  glne 
due  aux  vibrations) 
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mala  tout  oeoi  n'ira  plua  bien  loin  at  noua  pouvone  conolure  qua  la  fona  olaaalqua  du  rotor  da  l'hdlicoptdre, 
qua  noua  connaiaaona  toua  aujourd'h’ii,  ant  ddfinitivement  oondamnde  4  na  paa  ddpaeeer  daa  vlteaaea  da  l'ordra  da 
350  km/h,  aolt  un  paraaitre  d'  vancement  da  l'ordra  da  0,40. 

Et  aprfea  ?,  donnerai-je  tort  4  non  introduction  at  faut-il  qua  lea  dcoliera  qui  eortent  da  l'dcole, 
ou  lea  future  reeponaablee  qui  n'y  retoumeront  plua  gukre,  e'imagintmt  qua  la  progris  taohniqua  da  1 ' hdlicoptkre 
a  attaint  eon  asymptote  at  qu'ila  paurant  dormir  tranquillaa  avac  daa  iddes  bien  an  ordra  pour  la  reata  da  laura 
Jours  ?,  J'aurai  la  cruautd  da  laa  ddtromper  at  da  laur  af firmer  qu'ila  auront  encore  daa  ef forte  k  faira  pour 
aaaliiiler  at  oooprendre  lea  ddvsloppements  considdrables  qui  attendant  la  technique  da  la  voilure  toumante.  Mala 
14,  la  varidtd  daa  poaaibilitda  taohniquaa  m'intardit  da  Jouer  laoprophktea  at  il  va  falloir  qua  voua  m'dcoutiei 
radire  bien  dea  ohosaa  qua  voua  aavaz  ddj4  aur  lea  grandee  clasaea  da  possibility  techniquaa  qui  aont  offertea  au 
rotor  at  qua  je  raolasaerai  an  trois  categories  i  hdlicoptkrea  pura,  hdlicoptkrea  ecmbinds,  hdlicoptkrea  cooverti— 
blaa.  Halhaureuaamant,  an  raiaon  da  laur  tree  grand  nombre ,  Je  ne  pourrai  dire  qua  quelquss  mots  aur  chaoun. 

LE  ROTOR  D'HELICOPTERE  PUR  4  GRAND  PiJUMETRE  D' AVAN CEMENT 

Si  la  barrikre  da  compressibilitd  eat  bien  nbaolue,  celle  du  ddcrochage  l'eat  moina.  J'ai  parld  da 
Cz  -  1,2  tout  4  l'heure,  alors  qua  lea  valeurs  ddj4  atteintes  aur  Ins  ailea  d' avion  sont  deux  4  trois  foia  oelle-14 
et  l'action  aur  la  couche  limits  par  aspiration,  soufflage  et  par  d'autrea  procddds  peut  dlever  encore  ces  valeurs. 
Je  citerai  lea  projets  du  NCTE,  mala  surtout  lee  travaux  da  noa  amis  frangais  Giraviona-Dorand  qui  ont  rdussi,  an 
Prance  vara  195b  at  depots  lore,  dans  lea  aoufflariaa  da  ins  a,  da  belles  experiences  avac  un  rotor  4  volet  fluids 
(Fig.  7).  Das  finesses  remarquablea,  supdrieurea  4  12  ont  dtd  obtenues  4  dea  parambtrea  d'avancement  proches  da  0,5 
sans  vibrations  gtnantea  at  la  rotor  expdrimantd  a  montrd  d'axcellantea  qualitda  beaucoup  plus  loin  encore. 

11  eat  malheureux  qua  l'entralnemant  par  reaction  masque  cea  a  vantages  par  un  rendement  de  propulsion 
trks  mddlocra,  mais  caci  n'ast  peut-dtre  paa  rddhibitoire,  En  toua  cas,  dea  progrks  sont  certainement  encore  possi¬ 
bles  de  cette  fagon  puisqus  nous  sommea  loin  encore  des  possibilites  maximales  des  profils, 

LE  ROTOR  DERSCHMIDT  (Fig.  8) 

11  faut  signaler  cette  tentative  da  nos  collkgues  allomands  vers  I960,  de  donner  4  la  pale  un  mouve- 
asat  da  tratide  de  Kisuda  amplitude  da  fay®  4  compKiser  eu  grtufie  partis  la  diBSyaltrie  ftmd’amentals.  Men  stir,  ce 
mouvament  devra  Itre  accordd  aur  la  frdquance  du  rotor,  ce  qui  eat  possible  en  excentrant  suffisamment  1 'art icui ac¬ 
tion  de  tralnde.  De  ca  fait,  la  pale  sdjoumera  plua  longtemps  du  c6td  avangant  que  reculant,  mais  comma  la  force 
de  pfcrtance  aat  proportion  nails  au  carrd  de  la  vita  ass,  il  eet  (Qssible  grloe  4  une  amplitude  suffiaante  de  compwi- 
eer  effectivement  4  la  fois  las  deux  facteura,  En  fait,  la  procddd  a  achoppd  but  lee  problkmes  de  vibrations  et  de 
tenus  4  la  fatigue  qui  sont  notre  pain  quotidian  d'hdlicopteristes. 

LE  ROTOR  ABC  (Fig.  9) 

Cette  vole  fructueuse  a  dtd  imaginde  par  la  maison  Sikorsky  et  fait  l'objet  de  ddveloppementa  trks 
important^.  Voud  save*  toes  yut  St*  princtpe  «St,  favenatit  on  Itfllte  tar  1  ’ Jatirtditi in  de  La  J’&Cceptef 

de  cor.struire  un  encaatrement  oompldtement  rigid e  at  de  neutraliser  le  moment  de  roulie  gdndrd  par  la  dieeymdtrie 
de  vi tease,  en  assoc iant  deux  rotors  coaxiaux  tournant  en  sens  inverse.  Les  palee  peuvent  alors  s'dviter  de  modi¬ 
fier  leurs  incidenoee  et  garder  celle  de  la  mailleure  finesse.  Les  difficulty  pour  un  hdlicoptkre  pur  de  cette  for¬ 
mula  sont  dans  le  fait  qua  le  rotor  nglde  peut  dimouement  s'mcilner  par  rapport  4  eon  axe  pour  assurer  la  pro¬ 
pulsion  de  l'apparsll  et  que  mime  dans  ce  cas,  la  partie  des  pales  reculantes  proche  du  moyeu  restera  attaqude  par 
le  bord  da  fuite  dans  de  mauvaisea  conditions. 

En  fait,  1' application  du  rotor  A  B  C  ne  se  congolt  que  dans  la  formule  combines  dans  laquelle  une 
propulsion  auiiiiaire  psrciet  au  rotor  et  4  i  "appareil  de  tea  tar  p^rfau.teim.xt  liurizuutul. 

L'HELICOPTERE  COMBINE  (Fig.  10) 

Le  premier  appareil  4  voilure  toumante  de  La  Cierva  dtait  ddj4  un  appareil  combind,  o'eet-4-dire 
qu'il  combinait  une  voilure  toumante  pour  le  vol  4  faible  vitesse,  4  une  aile  et  une  propulsion  classique  pour  la 
grande  vitesse. 


meamtaM 


Le  principe  de  cette  oombinaiaun  est  assez  natural  pour  1' esprit  surtout  pour  cam  qui  ont  une  lon¬ 
gue  tradition  d'hdlicoptkre  derriere  eux. 

Si  l'hdlicoptkre  refuse  de  porter  ou  de  propulser  au-dessus  d'une  oertaine  vitesse,  alors  quel' avion 
4  voilure  fixe  refuse  au  contraire  de  se  sustenter  au-dessoua  d'une  autre  vitesse,  combinons  les  deux  moyens  et  uti- 
lisons-lee  altemativemsnt  dans  l'une  ou  l'autre  dee  deux  phases  de  vol. 


Malheureusement,  cette  voie  intuitive  est  trks  cofiteuse. 

D'abord  sur  le  plan  adrodynamique ,  nous  avons  ddj4  dit  que  vers  350  km/h,  une  fraction  tree  impor- 
tante  de  la  puissance  dtait  ddponsde  a  vainore  les  rdsistances  passives  et  qua  parmi  oelles-ci,  le  moyeu  et  la  par- 
tie  centrals  dea  pales  dtaient  responsablea  de  beaucoup.  Or,  la  puissance  perdue  par  un  CxS  donnd  varie  comma  la 
cube  de  la  vitesse.  C'est-a-dire  que  pour  aller  plus  vite,  en  gardant  le  rotor  sous  la  forme  ou  il  a  permis  de  dd- 
"oller  l'appareil,  il  eat  ndcessaire  d'augmenter  dnormdment  la  puissance,  done  le  poids  et  la  oonsommation  du  moteur. 

Par  ailleurs,  sur  le  plan  structural,  ajouter  dee  propuleeurs,  dee  transmissions  et  une  aile,  oe  n'eet 
pas  gratuit  et  cela  se  traduit  par  de  la  charge  utile  et  de  la  rentabilitd  en  moins. 


En  consdquence,  dsns  toua  les  projete  d ' hdlicoptkres  combines  que  nous  avons  pu  fairs  ou  voir,  la 
fineBBe  gdndralisde  ee  ddgrade  de  fagon  catastrophique  d'une  valeur  d 'environ  4  4  5  pour  1'hdlicoptere  pur  4  des 
valeurs  4  peine  supdrieurss  4  2.  L'hdlicoptkre  combind  est  done  une  manikre  ohkre  d'obtenir  de  la  vitesse,  Est-ce  4 
dire  qua  cette  voie  soit  sans  intdrit.  Absolument  pas.  D'abord  pares  que  dans  certains  cas  une  vitesse  dlevde  peut 
Itre  absolument  ndcessaire  dans  une  mission  donnde  et  le  client  de  la  machine  peut  accepter  d'en  payer  le  prix.  Et 
ensuite,  pares  que  les  inconvdnients  que  j'ai  signalde  plus  haut  ne  seront  pas  toujours  infranchissables. 
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Four  dimlnuer  la  train 6*  daa  rotor*  k  grand*  Tit****,  on  pout  ral*ntlr  l*ur  rotation,  dventuelle- 
ment  songsr  k  retractor  leure  pal*a  tdleacopique*  (ooom  B*ll  1'*  dtudid;  et  flaalement  arrtter  oo*plkt«Mnt  1* 
rotor  *t  1*  repller  k  l'interleur  du  fuaalage.  Si  da  tall**  opdrations  n*  aont  p*a  faoilaa,  *ll*a  n*  aont  pa*  non 
plua  inposaible*  at  an  fin  do  ooopta  11  e'aglt  da  oonparar  la  rdaultat  final  aveo  c*  qua  l'on  pourrait  aroir  par 
d'autrea  mdthodea. 

Far  axampla,  ai  on  vaut  produir*  un  avion  auparaonlqu*  capable  a*  ddoollagt  vartloal,  on  a  1*  ohoix 
antra  una  aolutlon  da  ca  genre  et  un*  aolution  aveo  rdacteure  da  auatantation.  Volume,  maaea,  train  da  da  l'un  at 
da  l'autre  eystkme  doiveqt  Itre  mis  an  comparaiaoo  at  11  aarait  bian  difficile  aujourd'hul  da  pariar  quell*  aat 
toua  oooptaa  faita  la  aolution  la  plua  dconomiqua. 

HELICOPTERS  OONVERTIBI£ 

L'hdlieoptkre  oocvertible  a  dtd  ddfini  par  l'organiaation  qui  noua  Invite  ioi,  comma  un  hdliooptkre 
qui  utilise  das  rotors  k  area  vertioaux  pour  ddcoller  at  lea  fait  pivoter  da  90°  pour  lea  utilisar  come  propuleeur 
an  translation. 


Nous  retrouvona  lk  una  id  da  artrkmamant  ancienne  et  qui  rdpond  k  1' objection  qua  devaient  aa  falre 
vers  1900  lea  pionniera  qui  refusaient  l'axe  vertical  da  l'hdlieoptkre,  raaponaabla  das  dlsaymdtriaa  dont  j 'ai  par- 
id,  pour  as  lancer  dans  das  aventures  d 'avion  k  ailea  battantee. 

II  auffit  an  effet  da  bian  observer  lea  oiaeaux  pour  oonatatar  qua,  aprka  avoir  pria  leur  envoi  par 
un  mouvement  d'aila  AV  -  AS,  (l'aile  attaquant  l'air  par  l'intradoe  au  coura  du  aouvemant  da  retour),  ils  produieent 
ansuite  una  trajectoire  da  ce  mouvement  progresaivement  inclinde,  pour  flnir  k  grande  vitesse  par  un  mouvement  prin- 
cipalamant  da  baut  an  baa.  Si  bian,  qua  Is  rotor  k  axe  horizontal,  oomme  moyen  de  auatantation  et  de  propulsion,  ne 
date  paa  d'aujourd'hui. 

Le  msillaur  hiatorique  an  a  dtd  fait  par  le  Pr  Pocks  au  coura  de  la  5kme  confdrence  du  Memorial  da 
La  Cierva.  Rappelona  lea  pro  jets  du  Dr  Vol  Hoat  vara  1940,  pula  la  projet  d'Holiconair  qui  fut  ddveloppd  au  Brdail 
par  la  Pr  Focke  aprka  la  guerre  et  mend  juaqu'auz  easais  d'un  banc  grandeur  (Fig.  11 ),  pour  ttre  re  pria  enauite  par 
Curtiao-Vright  et  Hank  Borat  en  I960  (X-19)  at  plua  rdcemment  par  la  Dr  Siegfried  Gunter,  Heinkal  et  VFV.  Mala 
c'eat  k  notre  regrettd  collkgue  Lichten  da  Bell  qua  revient  le  mdrite  d' avoir  fait  voler  en  1956  l'apparell  XVj. 
Aujourd'hul,  toua  ceux  qui  aont  lol  peuvant  din  qu'ila  travaillant  k  daa  projetB  de  os  genre  at  nul  doute  qua  eat 
hdliooptkre  k  rotor  convertible  marque ra  un  progrka  ddoiaif  analogue  aux  lnventiona  da  La  Ciarva  at  Brdguet. 

Sur  la  plan  technique,  il  bdndficie  de  toua  lea  avantagea  de  l'hdlieoptkre  at  garde  una  charge 
utile  qui  eat  sansiblement  voislna,  puiaqu'il  n'y  a  paa  de  parties  importantea  auppldmentaires  k  pry voir.  Quant 
aux  limitations  adrodynamiquas,  la  conversion  aupprlme  ddfinitivement  la  limitation  da  ddorochage  de  la  pale  recu- 
lanta  et  attdnua  la  limitation  da  compressibility  sur  la  pale  avanqante,  puiaque  l’addition  da  la  vltaaaa  da  la 
pale  et  de  calls  du  ddplacement  aa  fait  quadratiquament  at  non  plua  arithmdtiquement. 

jo  rotor  (WHvertiLl*,  bian  qm  i'tppt  trace  extdneur*  aeaet  semfclable  k  tu.  rotor  en  m— 

ffere  cependant  notablemant.  D'abord  eon  vrillage  eat  beaucoup  plua  fort  et  oeci  ae  comprend  facilement.  En  effet, 
c'eat  au  caa  de  translation  qu'il  importe  d'adapter  ce  vrillage  pour  dviter  que  certainee  parties  de  la  pale  pro- 
pulaent  pendant  qua  d'autxes  tralnent,  ce  qui  ddtdrlorerait  le  rendement  da  faqon  inacceptabla.  La  diffioultd  eat 
alors  d' dviter  que  lee  piede  da  pale  n'aient  en  vol  Btationnaire  un  calage  trop  dlavd  at  na  ddcrochent  prdmaturd- 
ment.  Mais  ceci  eat  faisable  et,  une  foie  obtenu  conduit  k  das  chiffrea  de  Mdrite  en  vol  Btationnaire  au  moina  1 ,5 
fois  ceux  des  hdlicoptkrea  actuals  (0,75  centre  0,5)  ou  mieux. 

M.  Gilmore  de  Boeing  affirms  avec  raison  que  l'hdlicoptkre  convertible  eat  la  vdhlcule  la  plus  ef- 
ficace  du  monda  en  vol  immobile. 

Quant  au  comportement  an  translation,  il  retrouv*  malheureusement  pour  nous  toutea  lea  ambuchea  du 
rotor  claaaique,  k  savoir  i  fatigue,  vibration,  at  adrcdlnsticitd;  mais  cette  foia  aveo  la  satisfaction  de  tra- 
vailler  pour  un  gain  trka  important  de  ritease  et  sans  que  la  rdaolution  de  caa  problkmaa  ne  aoit  k  priori  plua 
diffioile  qua  sur  un  hdliooptkre  pur. 

Au-delk  da  750  km/h,k  pau  prka,  la  limits  de  compreasibilitd  deviant  abaolue  et  d'autrea  solutions 
devront  8tre  imagindea. 

L'hdlice  cardnde  munis  d'une  sortie  variable  (diffusion  en  vol  Btationnaire,  contraction  en  vol  de 
translation)  pourrait  lk  retrouver  une  place  de  choiz  juaqu'k  la  barrikre  du  vol  supers onique  qui  devra  dvidam- 
ment  fairs  appal  k  d'autrea  techniques. 

CONCLUSION 

La  voilure  toumante  qui  nous  permet  aujourd'hul  de  conatruira  et  d'utiliaer  daa  appareila,  capa¬ 
ble  d'une  mobility  inconnua  autrefoia,  eat  le  fruit  daa  travaux  achamda  de  toua  nos  davanclera  at  oat  expoed 
n'aura  pu  an  donner  qu'un  reflet  bian  fugitif,  Mais,  alia  a  encore  devant  alia  dee  possibility*  da  ddvaloppamant 
considerable ,  notamment  sous  forms  convertible.  Noua  aavons  que  oaa  progrka  aeront  una  oeuvre  oolleetiva  k  laqueL- 
le  chacun  d'entre  noua  peut  apporter  une  contribution. 

Je  aouhaiterais  que  dann  la  cadre  da  cette  organisation  qui  nous  accuaille  aujourd'hul  nous  puie- 
siona  provoquer  lea  diacuaaions  fruc  true  uses  at,  peraonnellement,  en  voua  remerciamt  de  m'avolr  dcoutd  pendant 
quelques  Instants,  Je  suis  prflt  k  rdpondre  k  voa  questions. 
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par 

J.  SOULE  Z-LAR IV IE RE  et  P.  MAILLARD 


Du  fait  de  l'extrdme  variability,  dans  la  tempo  et  dans  l'espace,  dea  conditions  de  fonctionne- 
ment  d'une  surface  yidaentaire  de  pale  d'un  rotor,  on  rencontre  sur  celui-oi  et  1  cheque  instant  a  peu  pr8e  toua 
les  aspects  possibles  ds  l'adrodynamique. 

Les  vitesses  peuvent  8tre  nulles,  negatives  ou  positives  jusqu'A  atteindre  Mach  1,  les  incidences 
faibles  dans  une  partie  de  la  pale  atteignent  +90° [  dans  d'autres,  les  angles  de  derapage  peuvent  aussi  attein¬ 
dre  90®.  Toutes  oes  valeurs  sont  simultanyment  instationnaires. 

Cheque  pale  est  thdoriquement  interactionnee  par  une  infinity  de  sillages  variables  provenant  des 
pales  prycddentes,  ainsi  que  par  les  parties  passives  comme  un  fuselage  ou  le  sol,  activds  comme  une  aile  auxi- 
liaire,  ou  dynamiques  comme  un  systems  anticouple  ou  un  ,iet  propulsif. 

Le  probl&me  du  calcul  de  performances  d'un  hyiicoptere  est  done  nycessairement  tree  compleie.  II 
est  done  normal  qu'il  n'ait  pu  6tre  abordd  d'entrye  dans  touts  sa  eenyralite  et  que  les  mythodeB  employees  aient 
historiquement  yvolud  dans  le  sens  d'une  sophistication  de  plus  en  plus  poussde. 

Negligeant  les  travaux  fondamentaux  communs  a  toutes  les  applications  adrodynamiques,  on  constate 
que  o’est  k  1' occasion  de  l'autogire  que  furent  dyveloppyes  les  premieres  methodes  valables. 

C'est  Glauert  qui  en  1926  (RM  1 1 1 1 )  base  sa  methods  sur  la  constatatian  qu'en  vol  vertical  un  rotor 
ee  comporte  comme  le  prdvoit  la  thdorie  de  Froude,  et  qu'en  vol  horizontal  le  flux  moyen  induit  est  le  m8me  que 
celui  d'une  aile  ayant  m@me  sustentation  que  le  rotor  et  dont  l'envergure  serait  le  diametre  du  rotor. 

Nygligeant  les  variations  locales  de  ce  flux,  il  calcule  alors  la  distribution  d' incidence  ndees- 
saire  &  l'yquilibre  du  rotor;  puis,  presumant  que  le  terms  passif  Cxp  du  coefficient  de  trainee  de  profil  peut 
8tre  considyrd  comme  constant  ou  8tre  moyenne,  il  etablit  une  mythode  de  calcul  applicable  aussi  bien  a  l'hyii- 
coptere  qu'h  l'autogire  et  permettant  de  calculer  la  puissance  absorbye,  dans  l’hypothese  ou  les  angles  d' inci¬ 
dence  et  de  dyrapage  restent  partout  faibles,  et  les  vitesses  radiales  peuvent  8tre  negligees. 

Des  le  depart,  cette  methods  a  permis,  dans  le  cas  des  autogires  lents  et  peu  chargys,  des  pr8vi- 
sions  3atisfaisantes. 

Cette  methods  fut  bientOt  completye  par  Goldstein,  puis  Lock  (RM  1127)  introduisit  dans  lo  calcul 
le  premier  harmonique  de  battement  et  Wheatley  (NACA  TR  487)  le  cercle  d'inversion  et  le  vrillage. 

Ces  methodes  purent  s'appliquer  a  la  fin  dee  annees  30  et  dans  l'immediat  aprfes  guerre  k  l’hyii- 
coptere  vrai  qui  faisait  son  apparition.  Les  auteurs,  pour  la  plupart  se  contenterent  d’introduire  des  facteurs 
correctifs  plus  ou  moins  empiriques,  ou  de  tenir  cci pte  de  phenomenes  precederament  presumes  ndgligeables. 

Ainsi  furent  introduits  le  rayon  utile  BR  et  une  non-uniformite  de  la  vitesse  induite  pour  le  cal¬ 
cul  du  flux  (Sissingh)  et  l'ycoulement  radial  fut  pris  en  consideration.  Bayley  (NACA  TR  716)  fait  varier  Cxp 
avec  1' incidence  locale.  Wheatley,  Glauert  et  Lichten  introduisent  des  formes  en  plan  non  rectangulaires  et  le 
couplage  pas-battement.  Meyer  le  dyport  de  l'axe  de  battement,  Kissilovsky  les  profils  yvolutife;  Nicholsky, 
Mangier  et  Miller  ameliorent  la  definition  du  flux  induit  local;  Jenkins  tient  compte  des  oscillations  de  tralnye; 
Gessow  (NACA  TW  3366)  suppose  un  Cz  plafonne  aux  grands  angles  et  prend  en  compte  un  pied  de  pale  non  ayrodynami- 
quej  Zbrozek  ytudie  l'effet  de  sol  et  Gabel  1' influence  des  deformations  elastiques  des  pales.  Parallblement  au 
dyveloppement  de  ce  qui  peut  8tre  considdre  alors  comme  une  methods  clasBique,  des  francs-tireurs  appliquent  dee 
mythodes  originales. 

A  l'occasion  du  Gyroplane  Breguet,  verB  1935,  Devillers  et  Dorand  creent  une  methods  basde  sur  la 
considyration  d'un  nombre  fini  d'azimuts  representatifs  des  positions  sucoessives  de  pales,  azimuts  qui  peuvent 
6tre  ytudies  de  faqon  approfondie,  Cette  methods  pryfigure  cells  qui  sera  developpde  dans  les  annees  60  chez 
Sikorsky  pour  ytudier,  en  m8rae  temps  que  les  performances,  les  mouvements  d'une  pale  articulee  et  flexible. 

En  1945  Klemin  presents  (Aero  Digest)  d'une  fapon  tres  claire,  une  rndthode  beaucoup  plus  empirique 
maie  trfcs  aouple,  qui  est  celle  du  bilan.  yuoique  la  mort  de  Klemin  ait  interrompu  la  publication  de  cette  mythode 
avant  qu'eile  ne  eoit  mise  au  point,  elle  a  rencontre  un  grand  succfes  tint  a  cause  de  sa  simplicity  que  de  la 
faoility  avec  laquelle  on  y  introduit  1' influence  de  phenomenes  parasites  de  touts  nature  et  des  resultato  trie 
suffisants  qu'eile  permet  d'obtenir  dans  la  plupart  des  cas, 

Dans  les  annees  50,  l'amelioration  des  performances,  l'introduction  de  charges  de  disque  et  de  pale 
yievyea,  1' adoption  de  hautes  vitesses  de  rotation,  et  de  puisBances  elevyee,  grSce  en  particulier  aux  turbines, 
revelent  que  les  methodes  de  calcul  deviennent  inouffisantes  a  prevoir  les  performances  dans  les  cas  ertrloes. 

Les  phenomenes  de  compressibility  et  de  decrochage,  en  rygime  instatioruiaire,  sont  la  cause  de 
cette  insuf finance. 

Tanner  (NASA  CR  114)  tient  compte  les  phcncccner  ie  compressibility  man  ee  limit*  a  quelquea  cas 
particuliers  de  forme  de  rotor. 

Tarzanin,  chez  ooeing-7ertol,  et  Hams  (-'.  cf  t-  tiennert  z x: e»  iu  cxrvctere  cjtsbi  rjm  du 
dAcrochage  et  dee  interactions  d'tn  ycoul*i*=t  radial  rec  c*  dee  —  crag*. 
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En  Prance,  Hirsch  tente  une  synthbee  en  vue  de  tenir  compte  avec  une  meilleure  precision  qua 
celle  atteinte  jusqu'ici,  de  l'ensemble  des  phenombnee. 

Kalgre  l'ampleur  des  travaux  effectuee,  il  reste  beaucoup  a  faire  pour  obtenir  une  methods  en- 
tibrement  aatiafaisante. 

Certains  phenomenes  sont  en  pratique  tout  a  fait  negliges  par  lea  calouls  actuels,  par  example  i 

-  Mine  en  rotation  par  le  couple  moteur  de  la  veirie  d'atr  traversant  le  rotor 
(effet  facilement  calculable,  male  genbrulement  modbrb). 

-  bupplbment  de  trainee  induite  sur  ehaque  pale,  dfi  a  un  effet  d'allongement  de  la  pale 
(cat  effet  dont  1' importance  fut  exagerbe  par  les  auteurs  jusqu'aux  annbea  30,  est  au 
contraxre  a  tort  tout  a  fait  neglige  aujourd'hui). 

-  Centrifugation  de  la  couche  limite,  travail  de  pompage  correspondant,  et  interactions 
diverses  liees  a  cette  centrifugation. 

-  Interactions  rotor-fuselage  (mais  on  tient  compte,  conformement  a  la  thborie  du  biplan, 
des  interactions  rotor-aile). 

D'autres  phenomenes  sont  traitbs  de  faqon  insuffisantc  : 

-  Variation  du  nombre  de  Reynolds  le  long  de  l'envergure  et  en  fonction  de  l'aziout. 

-  Tous  les  phenomenes  libs  a  l’instationnantb  (en  incidence,  en  Vitesse,  en  pompage  et 
en  dbrapage)  et  aux  interactions  de  ces  instationnaritbs. 

C'est  lb  un  ensemble  de  phbnombnes  insuffisamment  connus  et  qui  exigera  beaucoup  d'btudes  bib- 

mentaires  prbalables. 

-  Influence  des  sillages  des  pales  sur  les  pales  suivantes  et  spbcialement  des  tourbillons 
marginaux  (tant  d'extrbmitbs  que  d ' emplanture ) ,  mais  ausBi  deB  nappes  tourbillonnaires 
produites  par  les  variations  de  circulation  et  des  nappes  ralonties  dues  aux  tralnbes 
passives. 

-  Profil  dynamique  different  du  profil  gbometrique  (lib  a  l'instationnarite). 

-  Bordure  du  cercle  d' inversion,  ou  des  incidences  de  +90°  sont  rencontrees  avec  dee  vitesseB 
non  nbgligeables  lorsque  le  disque  a  une  forte  incidence  (vol  a  trbs  liaute  vitesse,  rotor 
dblestb  ou  en  cours  de  conversion). 

II  peut  sembler  etonnant  que  tant  de  phenonbneB  importantB  btant  plus  ou  moins  inconnus  ou  nbgli- 
gbs,  lea  prbvisions  de  performances  se  revelent  cependant  b  peu  prbs  satisfaiBantes  dans  les  cas  normaux.  Cela 
tient  b  deux  choses  I 

,  D'une  part,  ces  phbnombnes  sont  souvent  d'une  nature  telle  que  leur  influence  est  faible  sur 
le  bilan  de  puissance.  Ainsi  le  tourbillon  marginal  bmiB  par  une  pale  et  rencontrant  la  suivante,  produit  des 
effets  du  m&ne  ordre  mais  de  signee  contraires  dans  sa  partie  extbrieure  et  bb  partie  intbrieure,  L'effet  global 
sur  la  puissance  ost  done  tree  faible,  bien  que  la  distribution  des  poussbes  et  tralnbes  suit  gravement  perturbee. 

.  D'autre  part,  ces  phbnombnes  ne  prennent  touts  leur  importance  que  dans  des  cas  extremes  | 
par  exemple  :  charge  de  pale  tres  blevbe  en  ressource.  Dans  ce  caB,  11  ne  s'agit  pas  d'un  cas  de  vol  permanent 
et  on  ne  demands  gbneralement  pas  au  calcul  une  grande  prbeision. 

Cependant  il  peut  s'agir  de  oas  qui  peuvent  dbfinir  une  possibilitb  extreme  trbs  importante  i 
par  exemple  survitesse  possible  en  pique,  deoblbration  en  ressource  ou  quick  stop,  virage  b  grande  vitesse  et  b 
ce  point  de  vue  il  sera  neceasaire  de  disposer  de  mbthodes  de  previsions  correctes.  En  outre,  seulea  de  tellee 
mbthodes  peuvent  @tre  utiliebes  si  on  veut  s'en  servir  pour  prbvoir  les  efforts  dans  les  pales,  particulibrement 
dans  les  cas  extremes  qui  sont  necessairement  les  plus  utileB  b  oonnaltre. 

Il  imports  aussi  de  disposer  de  mbthodes  suffisamment  exactes  pour  permettre  de  prbvoir,  non  aeu- 
lement  lee  performances  globales  de  la  machine,  mais  aussi  les  variations  que  pourra  provoquer  telle  ou  telle 
modification  constructive,  variations  qui  devront  pouvoir  s'exprimer,  soit  en  puissance  absorbbe  dans  un  cas  de 
vol  donnb,  soit  en  reeul  des  limitations  pour  une  mSme  puissance. 
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Reflexions  Faisant  Suite  A  I’Expose  de  I'Article  5 
par 

R.Hirsch 

Aerospatiale 

Etablissement  de  Chatillon 


L’exposy  trds  exhaustif  et  de  grande  clarte  que  M.  Soulez-Lariviere  a  presente  se  suffit  a  lui-meme:  ii  est  en 
soi  assez  complet  pour  qu’il  n’apparaisse  reedement  pas  utile  d'en  commenter  les  differents  paragraphes,  ce  qui 
reviendrait  A  les  paraphraser. 

Je  me  bornerai  done  i  emettre  quelques  remarques  complementaires  sur  deux  chapitresque  me  tiennent  a 
coeur: 


-  La  provision  theorique  du  fonctionnement  des  rotors  d’helicopteres; 

-  La  conception  des  rotors  de  “Convertibles”  et  les  possibilites  qui  en  decoulent. 

En  ce  qui  concerne  la  lAre  question,  nous  en  sommes  a  modeliser,  assez  completement  le  fonctionnement  des 
profils  de  pales  a  condition  que  ne  se  manifestent  pas  les  combinaisons  d’effets  soniques  et  d’effets  d’dcoulements 
transverses  en  ddcrochage. 

Sont  actuellement  pris  en  compte: 

-  Les  effets  d’induction  d’un  systAme  tourbillonaire  en  rdseau  de  nappes  helicofdes  aplaites  et  deformees  pour 
que  figurent  la  contraction  et  la  distortion  du  pas. 

-  Les  effets  instationnaires  touchant  le  developpement  de  la  circulation  et  celui  des  champs  de  pression. 

-  Les  effets  de  compressibility  infrasonique,  y  compris  Pinfluence  des  delais  de  transmission  de  signaux 
d’induction. 

-  Les  effets  d’intyractions  tridimensionnelles  entre  profils. 

-  Les  effets  de  non  linearity  des  lois  de  coefficients  de  portance  des  profils  a  l’egard  de  l’incidence  variant  de 
—180  A  +180°  dans  le  cercle  d’inversion. 

-  Les  effets  de  non  linyarity  dus  aux  battements  vertical  et  horizontal  et  en  chaque  station  azimutale  aux 
dyformations  de  flexion  et  de  torsion  de  pales. 

L’influence  de  chaque  effet  peut  etre  ainsi  pesee. 

Les  quelques  diagrammes  ci-joints  permettent  la  comparaison  entre  assais  A  Modane  et  calculs  -  Leur  concor¬ 
dance  n’est  bien  sur  pas  absolue,  mais  Ton  peut  considerer-qu’il  est  possible  d’effectuer  des  previsions  convenables 
concemant  les  resultats  a  attendre  de  modif  cations  de  forme  ou  de  structure  de  rotors  en  projets  -  s\tr  I'ensemble 
(ayrodynamique  et  mycanique)  de  leur  •  p<  tement. 

On  pourrait  meme  maintenant  :der  s»..r  un  plan  rationnel  analogue  a  celui  mis  en  oeuvre  pour  les  helices, 
les  probiymes  d’optimisation  des  pv.iormances  d’un  rotor  et  essayer  d’en  deduire  la  forme  de  pale  optimum  A 
construire. 

Ceci  nous  conduit  A  la  deuxiyme  question:  la  conception  des  rotors  de  convertibles. 

Les  phases  fondomentales  de  fonctionnement  de  ceux-ci  sont:  le  soulevement  —  le  vol  a  vitesse  elevee  toutes 
deux  en  configuration  “axia’e". 

Nous  savons  depuis  longtemps  dyterminer  la  forme  de  pale  (forme  en  plan,  vrillage,  nature  des  profils)  qui 
satisfaisant  A  certain  conditions  de  compatibility,  permet  d’obtenir  une  performance  simultanement  optimum  en 
deux  rygimes  de  fonctionnement  distincts.  De  nonbreuses  verifications  et  applications  ont  pertnis  d’affirmer  cette 
technique.  Ces  mythodes  d’optimisation  ont  ete  appliques  au  problemes  des  convertibles  et  Ton  a  constate  la 
possibility,  grace  A  elles,  d’obtenir,  avec  la  meme  pale,  des  performances  satisfaisantes  en  soulevement  (chiffre  de 
myrite  de  0,74  par  exemple  pour  D  =  5,20  n  et  830  Kw)  et  &  vitesse  elevee  effets  de  compressibility  inclus  a 
18  000  ft:  rendement  rj  =  0,77  i  Mach  0,67,  sous  630  Kw.  Ceci  s’obtient  avec  des  charges  au  disque  nettement 
supyrieures  i  celles  dont  on  use  sur  hyiicoptyres,  mais  encore  faibles  vis-i-vis  de  cedes  habituedes  aux  helices. 

II  en  resulte  yvidement  que  la  poussee  de  souiyvemcnt  par  unite  de  puissance  est  plus  faible  que  cede  obtenue 
sur  hyiicoptyres  mais,  compte  tenu  des  besoins  en  puissance  d’un  tel  appareil  pour  qu’il  fonctionne  aux  vitesses  de 
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croisiere  de  400  Kts,  il  n’y  a  pas  14  un  handicap  veritable.  Les  diagrammes  et  la  photo  ci-joints  indiquent  les  rCsul- 
tats  de  mesure  obtenus  sur  une  maquette  de  rotor  de  90  cm  de  diametre. 

La  forme  des  pales  issues  de  la  double  optimisation  tr£s  4largies  4  leur  embase,  peut  soulever  des  difficulty  de 
realisation.  II  y  a  moyen  de  tourner  la  difficultly  par  am4nagement  d’un  volet  de  courbure  d’embase  de  pale  tel  que 
nous  avions  pu  le  proposer  d4s  1948  dans  notre  publication  de  l’epoque*.  C’est  14  une  forme  assez  attdnuee  de  la 
double  pale  Hamilton  qui  doit  conduire  4  une  realisation  relativement  aisee. 

De  telles  pales,  beaucoup  plus  “consistantes"  que  celles  des  rotors  de  convertibles  4  faible  charge  au  disque 
souleveront  des  problcmes  de  tenue  mecanique,  en  vibrations  notamment,  certainement  plus  faciles  a  traiter  pourvu 
qu’on  s’attache  4  cr£er  pour  elles  une  technologic  adaptce. 

Ainsi  done,  je  suis  pour  ma  part  persuade  qu  I’on  a  un  interet  evident  sur  tous  les  plans,  4  viser  haut  dans  la 
performance  4  obtenir  des  convertibles  et  4  cesser  de  se  contenter  d’en  attendre  un  prolongement  modeste  du 
domaine  des  combines. 

En  bref,  et  c’est  seniple-t-il  la  conclusion  4  retenir,  il  sera  possible,  avec  des  convertibles  de  la  famille  6voquee 
ici,  de  disposer  d'appareils  ayant  le '  performances  de  vitesse  d’utilisation  exigees  pour  les  STOL  actuellement  en 
projel,  tout  en  beneficiant  des  avantages  du  decollage  vertical. 

Je  suis  heureux  que  I'occasion  m’ait  ete  offerte  de  souligner  ces  remarques  devant  vous. 
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SYMBOLES 

(Unites  MKSA) 

regime  de  rotation  en  tours/sec. 
masse  volumique  de  Pair 
diametre  disque  rotor 
surface 

vitesse  peripherique 
vitesse  de  translation 
traction 

puissance  absorbee 
couple 

portance  globale  referee  4  la  vitesse  d’entrainement 
trainee  globale  referee  4  la  vitesse  d’entrainement 
charge  aerodynamique  locale  d’un  profit  de  pale 
parametre  d’avancement 

azimut  de  la  pale 

W 

coefficient  de  puissance  - 

pn3D5 

W 

coefficient  de  traction  — — — 

pnJD4 


•  R-Hirach  Helices  optima  simples  et  coaxiales.  PST.22S  -  T.ll  -  I94S. 


5B3 


! 


S7 


Position  des 
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_  Essai (corrige  de  leffet  de  moyeu) 

_ Calcul 


\ 


locales  Pm  dans  le  tour  pour  A  =  0,45 
on  relatif  0,855 


ales  Pm  dans  le  tour  pour  AnO/45 
relatif  0,95 


ales 


Calcul  1,59  -0,246  0,139  -?05 


.  -  A.-. -HI*. 


Rotor  quadripole  a  double  adaptation  0  = 


Essais  au  point  fixe  a  Chalais -Meudon 


Coefficient  de  puissance  Cp=  — — 

f n3D5  3/ 

Chiffre  de  merite  Fm  -  0,798.£i-i 

Cp 

0  r  Calaqe  a  0,7  R 


Point  de  calcul  grandeur  0  4m  a  X  =  0/124 


//  //  // 


maquette  0  0,9m  a  0,138 
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COMPORTEMENT  O' UN  ROTOR  AU-DELA  DU  DOMAINS  DE  VOL  USUEl  A  LA  GRANDE  SOUFFLERIE  DE  MODANE 

par 

Michel  Lecarme 

Ingenieur  de  recherche  a  1 'AEROSPATIALE 
Division  HAlicopteres 
13221  Marseille  Cedex  I 
France 


Un  rotor  experimental  de  A, ISO  metres  de  diamAtre  a  fait  l'objet  de  plusieurs  campagnes  d'essais 
A  la  Grande  Soufflerie  de  l'ONERA  i  Modane.  La  raideur  des  pales  et  la  puissance  des  moyens  expArimentaux 
de  la  Soufflerie  nous  ont  permis  d'effectuer  de  nombreuses  mesures  et  visualisations  dans  des 
configurations  severes  et  A  des  viteBses  pAriphAriques  Alevees. 

Au  cours  de  l'exploration  des  domaines  d'essais  de  nos  divers  jeux  de  pales,  nous  sommes  alles 
jusqu'au  parametre  d'avancement  0,87  ;  le  decrochage  de  la  pale  reculante  a  ete  Atudie  pour  de  nombreuses 
valeurs  des  paramAtres  d'affichage  :  vitesse  du  vent,  vitesse  peripherique,  inclinaison  de  l'arbre  et  pas 
gAnAral  ;  le  moyeu  actuel  ne  comporte  pas  de  commande  cyclique  du  pas. 

Les  limites  d'utilisation  d'un  rotnr  conventionnel  en  parametre  d'avancement  ont  ete 
prAcisees  ;  le  dAveloppement  du  decrochage  de  la  pale  reculante  est  influencA  par  le  cercle  d 'inversion 
et  les  interactions  tourbillonnaires  ;  ce  dAcrochage  produit  des  perturbations  d'autant  plus  importantes 
que  le  parametre  d'avancement  est  plus  faible. 

SUMMARY 

Several  series  of  tests  have  been  performed  on  a  4.150  meter  diameter  experimental  rotor  in  the 
ONERA  large  wind  tunnel  at  Modane.  The  blades  stiffness  and  available  power  of  test  equipment  in  this 
wind  tunnel  made  a  number  of  measurements  and  visualisations  possible  in  somme  severe  configurations  and 
at  high  tip  speeds. 

During  the  exploration  of  the  test  envelopes  for  our  various  sets  of  blades,  a  tip  speed  ratio 
of  .87  was  reached  ;  the  retreating  blade  stall  was  studied  at  several  values  of  pre-set  parameters,  such 
as  :  wind  speed,  rotor  tip  speed,  rotor  shaft  tilt,  and  collective  pitch.  The  present  rotor  head  is  not 
provided  with  cyclic  pitch  control. 

Operating  limits  for  a  conventional  rotor  were  determined  in  terms  of  tip  speed  ratio  ; 
development  of  retreating  blade  stall  is  affected  by  the  reverse  flow  area  and  vortex  inter-actions  J 
this  stall  produces  disturbances  which  increase  as  the  tip  speed  ratio  decreases. 


NOTATIONS 


Rayon  du  rotor  (metres) 

Distance  de  l'axe  du  rotor  d'un  point  de  la  pale  (metres) 

Distance  relative  »  r/R 
Corde  d'une  pale  (metre) 

Plenitude  du  rotor  -*  3  C/irR  (rotor  tripale) 

Vitesse  du  vent  (metres/seconde) 

Vitesse  locale  (metres/seconde) 

Vitesse  angulaire  du  rotor  (radians/seconde) 

Vitesse  pAripherique  ■  u  R  (metres/seconde) 

ParamAtre  d'avancement  ■  V/U 

Inclinaison  de  l'arbre  moteur  par  rapport  A  la  verticale  (degrAs)  positive  vers  l'aval 
Incidence  du  rotor  ■  inclinaison  du  plan  dAcrit  par  les  extremitAs  des  pales  par  rapport  A 
un  plan  horizontal  (degrAs),  positive  en  cabre  ;  cet  angle  est  dAfini  dans  1' approximation 
du  premier  harmonique  de  1' angle  de  battement 
Angle  d'attaque  oblique  (degres),  positif  vers  l'exterieur 

Angle  d'azimut  de  la  pale  (degrAs),  origine  en  position  extrSme  aval  ;  le  sens  de  rotation 
est  le  sens  horloge  vu  de  dessus 

Angle  de  battement  d'une  pale  (degrAs)  positif  vers  le  haut 
p  ■  aQ  -  a|  cos«J>  -  b|  8in<Jf  -  82  cos2y  -  b2  sin2ty  etc... 

Basculement  longitudinal  du  rotor  (degrAs)  Otp  -<Xq  +  a| 

Pas  d'une  pale  A  R  -  0,75  degrAs 
Nombre  de  Mach  local 

Nombre  de  Mach  en  extremitA  de  pale  avanqante 
Masse  volumique  de  l'air  (Kilog/metre  cube) 

Surface  balayAe  par  le  rotor  (metres^)  »nR2 

Traction  ou  trainee  du  rotor  (Newtons),  positive  en  trainAe,  dans  le  triedre  vent 
Portance  du  rotor  (Newtons)  dans  le  triedre  vent 
Abreviation  pour  100  fx/ff  -  100  X/l/2p  S  U^ 

Abreviation  pour  100  fz/c  ”  100  Z/l/2f  S  U2 
N.B.  Notations  de  certains  auteurs  amAricains  : 

CXR/C  -  -  X/200  CLR/c  «  Z/200 
Pression  statique  dans  la  veine  (Pascals) 

Pression  statique  locale  (Pascals) 

Pression  dif ferentielle  locale  -  p  intrados  -  p  extrados  au  meme  pourcentage  de  corde 
(Pascals) 
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Ap/po  Presaion  dif ferentielle  relative 

Pm  Charge  aArodynamique  locale  sans  dimension,  integration  le  long  de  la  corde 

Rapport  dea  chaleure  spAcifiques  de  l'air  (1,40) 

Cjj  Coefficient  de  portance  normale  locale  «  2  Pm/  y  M2  -  1,43  Pm/M2 

q  Presaion  cinetique  (Pascals)  »  l/2^v2  .  t 

Ap/q  Cm  Coefficient  de  pression  differentielle  •  — 

p0  rm 

Q  Presaion  cinAtique  maximale  (Pascals),  en  extremity  de  pale  avanqante 
M#  Moment  de  battement  en  une  section  de  la  pale  (mAtres  x  Newtons) 

M|  Coefficient  sans  dimension  de  moment  de  battement  -  Mp/fu2  CR4 
Ml  Moment  de  trainee  en  une  section  de  la  pale  (metres  x  Newtons) 

Ml  Coefficient  sans  dimension  de  moment  de  tralnAe  •  Ml/pco2  CR^ 

MS  Moment  de  torsion  en  une  section  de  la  pale  (metres  x  Newtons) 

M6  Coefficient  sans  dimension  de  moment  de  torsion  ■  M 0/f w2  c2r3 


N.B.  Les  caractAris tiques  de  performances  du  rotor  sont  donnees  moyeu  exclus.  Les  coefficients 
de  moments  sont  relatifs  aux  amplitudes  ,demi  crete-A-crete) ,  soit  globales  soit  par  harmonique. 


1.  INTRODUCTION 

En  1970  et  1971,  nous  avons  etudie  A  la  Grande  Soufflerie  de  Modane  SI  MA  un  rotor  experimental 
dans  un  domaine  d'essai  maximal,  attendant  aussi  loin  que  nous  le  permettaient  les  limitations 
technologiques  et  vibratoires. 

Nous  avons  effectuA  un  grand  nombre  de  mesures  et  de  visualisations  d'Acoulement  dans  des 
configurations  qui  se  situent  au-delA  de  celles  des  vols  actuels,  notamment  avec  dAcrochage  de  la  pale 
reculante  et  A  des  paramAtres  d'avancement  trAs  AlevAs,  tout  en  ayant  des  vitesses  pAripheriques 
rAalistes . 

Le  domaine  d'essai  explore  s'etend  du  stationnaire  jusqu'au  parametre  d'avancement  0,87  ;  nos 
moyens  d' investigations  consistArent  en  pesees  globales  du  rotor,  mesures  des  contraintea  des  pales, 
mesures  de  pressions  locales  sur  les  pales,  visualisations  par  fumAe  ou  par  fils  de  laine.  Quelques 
configurations  ont  fait  l'objet  de  mesures  acoustiques. 

2.  MOYENS  D'ESSAIS 

Les  moyens  d'easais  ont  AtA  decries  dans  notre  communication  au  7eme  CongrAs  de  1'ICAS,  A  ROME, 

en  1970,  reproduite  dans  la  revue  "1  'Aeronautique  et  1 ' As tronautique"  n*  25  de  1971. 

Nous  rappellerons  que  1' installation  de  la  Grande  Soufflerie  de  Modane  est  surpuissante,  nous  ne 
sonnies  limitAs  ni  par  la  vitesse  du  vent  ni  par  la  puissance  disponible  au  rotor.  L'inclinaison  de 
l'arbre  peut  aller  de  -  95*  A  ♦  25*  j  en  particulier  les  essais  en  fonctionnement  helice  sont  possibles 
et  le  caa  du  stationnaire  hora  effet  de  sol  peut  etre  etudie  avec  une  procedure  ONERA  permettant 

d'Aliminer  l'influence  de  la  vitesse  induite  dans  la  veine  par  le  rotor. 

La  veine  d'expArience  a  un  diametre  de  8  metres  et  une  longueur  de  14  metres. 

Une  balance  A  six  composantes  et  un  couplemetre  situAs  sous  le  moyeu  donnent  les  caractAristiques 
de  performances  du  rotor.  Un  collecteur  tournant  de  Ill  pistes  transmet  A  la  chalne  de  mesure  les 
informations  en  provenance  des  pales  :  jauges  de  contrainte,  angles  de  battement  et  de  trainee,  capteurs 
de  pressions.  La  conduite  des  essaia  fait  l'objet  de  precautions  particuliSres  :  en  dehors  des 
surveillances  de  routine,  25  informations  sont  examinees  en  permanence  par  deux  specialists  et  certaines 
d'entre  elles  sont  enregistrAes  durant  toutes  les  rotations. 

3.  CARACTERISTIQUES  DES  ROTORS 

Les  rotors  esaayAs  A  ce  jour  sont  des  rotors  tripales  complStement  articules,  de  4,150  metres  de 
diamAtre  ;  le  vrillage  des  pales  eat  de  quatre  degrfis  par  mStre,  soit  approximativement  8  degree  du  centre 
rotor  A  1'extremitA  des  pales. 

Le  rotor  I  comporte  plusieurs  jeux  de  pales  ne  different  que  par  leure  equipements  et  leurs 
masses  ;  la  corde  est  constante  :  0,210  mAtre  et  la  plenitude  est  egale  A  0,09664  ;  le  profil  est  le 
NACA  0012,  symAtrique. 

Le  rotor  2  comporte  des  pales  A  profil  NACA  0012  muni  d'une  extension  cambree  du  bord  d'attaque, 
la  corde  passant  A  0,21525  mAtre. 

Nous  n' avons  pas  cherchA  A  rAaliser  un  rotor  semblable  A  un  rotor  rAel  ;  nos  pales  sont  denses 
(nombre  de  Lock  faible)  mais  les  frequence1)  propres  relatives  sont  analogues  A  celles  des  pales  eelies 
plastiqucs,  de  sorte  que  nous  avons  des  comportements  vibratoires  rAalistes  mais  de  faibles  amplitudes, 
circonstance  heureuse  qui  nous  permet  de  tester  des  configurations  trAs  sevAres  inabordables  par  un  rotor 
dynamiquement  semblable  A  un  rotor  rAel  classique. 

Le  moyeu  actuel  ne  comporte  pas  de  commande  cyclique  du  pas  ;  la  variation  d'incidence  du  rotor 
est  obtenue  par  l'inclinaison  de  l'arbre  ;  pour  simplifier  le  langage  nous  appellerons  ce  type  de  rotor  : 
"rotor  A  basculement  libre".  Dans  ces  conditions  il  y  a  quatre  paramAtres  d'affichage  :  la  vitesse  du 
vent,  le  regime  du  rotor,  le  pas  general  et  l'inclinaison  de  l'arbre. 

La  commtnde  cyclique  du  pas  sera  introduite  en  1973. 

4.  LES  GRANDS  PARAMETRES  D'AVANCEMENT 

L'objectif  des  essais  de  1970  etait  l'Atude  d'un  rotor  de  vitesse  pAripherique  usuelle  : 

200  mAtres/seconde  ;  lorsqu'on  augmente  le  paramAtre  d'avancement,  les  troubles  transsoniques  apparaissent  : 
dAgradation  des  performances  et  accroissement  des  vibrations  ;  dans  ces  conditions  nous  n'avons  pas  pu 
dApasser  le  paramAtre  d'avancement  0,60  ;  quelques  essais  complAmentaires  A  regime  variable  nous  ont 
appris  que  l'influence  de  la  compressibilitA  se  faisait  sentir  A  partir  d'un  nombre  de  Mach  en  extremite 
de  pale  avan;ante  0,85  ;  pour  Atudier  en  1971  les  grands  paramAtres  d'avancement,  nous  avons  done  diminuA 
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le  regime  rotor  de  maniSre  3  rester  en-de  ;sous  du  seuil  de  compressibility,  tout  en  nous  maintenant 
au-dessus  de  la  limitation  technologique  inf£rieure  (683  tours/minute,  soit  une  vitesse  periphbrique 
149  mltres/seconde) .  Net'  ..uii  s  alors  parvenus  avec  le  rotor  I  5A  ■  0,87  et  U  -  132  m/s,  et  avec  le 
rotor  2  lA*  0,84  et  U  ■  156,5  r>/s. 

4.1.  Reduction  du  domaine  d'essais 


Le  domaine  d'essais  diminue  regulierement  quand  le  parametre  d ' avancement  augments.  La 
figure  I  montre  dans  le  diagramme  portance/pas  la  grande  difference  des  domaines  realises  avec 
le  rotor  1  pour  A  ■  0,30  et  A*  0,87  ;  aux  petits  pas  nous  sommes  limites  par  les  couples 
r.egatifs,  un  peu  au-deld  des  autorotations,  pour  des  raisons  technologiqucs  propres  au  Ban  ; 
aux  pas  plus  elev£s,  3  A*  0,30,  nous  sommes  limites  par  les  vibrations  des  pales  en  trainee  ; 
quand  A  augmente,  une  nouvelle  limitation  apparalt  :  les  butees  de  battement,  car  le 
basculement  longitudinal  crolt  avec  A  ;  d 'autre  part  les  vibrations  augmentent  et  contribuent 
3  la  reduction  du  domaine  experimental. 

Cette  importante  reduction  du  domaine  est  propre  aux  rotors  3  basculement  libre  ;  il  est 
probable  qu'elle  serait  moins  spectaculaire  avec  un  rotor  3  basculement  control!  par  la 
commande  cyclique  de  pas. 

4.2.  Pilotage  du  rotor 

L' impression  dominante  de  1  'experimentateur  est  la  difficulty  du  pilotage  du  rotor  aux 
grands  parametres  d'avancement  (au-del3  de  0,60)  ;  independamment  de  1 'ambiance  vibratoire,  qui 
sera  examinee  plus  loin,  cette  difficult!  provient  de  la  susceptibility  du  rotor  au  pas 
general  (la  derivee  i  Z /  is)  et  de  l'espacement  des  montees  en  pas  3  1 ' inclinaison  oiq  constante 
(la  derivee  J8/  d  ot  q)  ,  illustree  par  la  figure  2.  Les  changements  d ' inclinaisons  ot  q  doivent 
etre  entrepris  avec  precaution,  avec  manoeuvres  alternees  du  pas,  et  a  petits  intervalles. 

Quant  3  la  susceptibility  au  pas,  nous  pensons  qu'un  rotor  3  basculement  libre  deviendra 
impilotable  vers  un  parametre  d'avancement  egal  a  1,  car  'ill  de  sera  infini  a  Kq  constant. 

II  est  a  noter  que  nos  rotors  etaient  parfaitement  stables  dans  tous  les  domaines  a  grands 
A,  meme  en  autorotation. 

4.3.  Performances 


L'etude  des  performances  de  nos  rotors  aux  grands  A  conduit  a  envisager  deux  domaines  : 

a)  Les  incidences  rotoriques  ot  q  negatives 

II  devient  de  plus  en  plus  difficile  d'incliner  le  rotor  vers  l'amont  (incidence  otu 
negative),  comme  le  montre  la  figure  3,  a  cause  de  la  grande  importance  du  basculement 
longitudinal  (derivee  da|/i«Q). 

La  rysultante  des  forces  aerodynamiques,  a  peu  pres  normale  au  disque  aux  faiblesA, 
s' incline  vers  l'arriere,  de  sorte  que  meme  si  l'on  reussit  a  obtenir  une  incidence 
nygative,  on  ne  peut  pas  obtenir  de  traction  valable  !  figure  4  ;  a  A-  0,60  le  rotor 
n'est  meme  pas  capable  de  tirer  son  moyeu  (dont  le  coefficient  de  trainee  croit  comme 

A2). 

b)  Les  incidences  rotoriques  otp  positives 

Le  basculement  longitudinal  a  peu  d’importance  dans  ces  cas-13  ;  lorsqu'on  represente, 
selon  1 'usage,  les  resultats  moyeu  exclus,  on  a  la  surprise  de  constater  que  la  polaire 
d' autorotation  est  independante  du  parametre  d'avancement  ;  les  lois  de  pas  different 
legerement.  L' augmentation  de  trainee  du  rotor  complet  quand  A  croit,  pour  une 
portance  donnee,  est  due  au  moyeu. 

4.4.  Vibrations  des  pales 

Le  comportement  vibratoire  de  nos  rotors  aux  grands  A  presence  deux  aspects  : 

-  les  amplitudes  globales  des  vibrations  de  battement,  trainee,  et  torsion  augmentent 
considerablement  avec  A,  comme  le  montre  la  figure  5  ;  d'autre  part,  les  vibrations  croissant 
genyralement  avec  la  portance,  la  portance  maximale  utilisable  diminue  quand  A  augmente.  Les 
courbes  de  la  figure  5  ont  ete  etablies  pour  une  portance  faible  de  maniere  a  ne  pas  faire 
intervenir  le  decrochage  de  la  pale  reculante. 

-  aux  A  moderes  les  essais  sont  parfaitement  repetitifs,  les  raies  non  harmoniques 
faibles  et  rares,  l'analyse  de  Fourier  sur  une  periode  est  valable  ;  aux  grands  A  il  n'en  est 
plus  de  meme,  en  particulier  le  rotor  devient  davantage  susceptible  aux  resonances,  et  les 
harmoniques  de  rang  superieur  3  4  ont  une  grande  part  d'aiyatoire. 

Nous  donnons  3  titre  d'exemples  figures  6,  7  et  8  quelques  analyses  de  Fourier  sur  une 
periode  ;  nous  ne  pouvions  pas  effectuer  des  analyses  sur  un  grand  nombre  de  periodes, 
notamment  des  analyses  spectrales  habituellement  faites  sur  des  enregistrements  de  trois 
minutes,  car  nous  etions  constamment  en  conditions  endommageantes,  nous  avions  un  grand  nombre 
de  points  de  mesures  3  faire  dont  la  duree  devait  ~tre  minimale. 
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4.5.  Ecoulements  sur  la  pale  reculante 

Les  paramdtres  d' avancement  felevbs  sont  la  domaine  de  I'attaque  oblique,  done  1 'influence 
est  importance  dana  la  determination  thtorique  dea  performances  et  l'apparition  du  ddcrcchage. 

La  figure  9  montre  la  difference  dea  zones  &  forte  attaque  oblique  entre  AO, 30  etA0,70. 

On  peut  sdparer  les  effets  de  I'attaque  oblique  sur  les  Ecoulements  en  deux  zones  :  la  zone 
EloignEe  du  cercle  d' inversion  et  la  zone  proche  de  ce  cercle.  Loin  du  cercle  d'inversion,  il 
est  bien  connu  que  I'attaque  oblique  retarde  le  dEcrochage  ;  dans  nos  essais  du  rotor  I  EquipE 
de  prises  de  ptsssion  nous  avons  pu  constater  que  le  decrochage  apparait  vers  C(j  1,2  pour  A  0,30 
tandis  qu'il  faut  monter  d  Cn  1,7  pour  AO, 60.  Mais  dds  que  l'on  s'approche  du  cercle  d'inversion 
la  situation  est  changee . 

L'examen  dcs  rEsultats  des  prises  de  pression  du  rotor  I  et  des  visualisations  d 'ecoulements 
sur  le  rotor  2  nous  a  montre  que  les  perturbations  en  pale  reculante  prds  du  cercle  d'inversion 
apparaissent  d  des  charges  de  plus  en  plus  faibles  quand  le  parametre  d'avancement  augmente,  et 
dds  la  portance  nulle  au-deld  de  A0,60  ;  dans  le  cas  ou  nous  avions  la  portance  locale  nous 
avons  pu  constater  des  perturbations  analogues  &  celles  d'un  decrochage  pour  des  portances  locales 
faibles,  et  ces  perturbations  sont  situees  au  voisinage  du  cercle  d'inversion  ;  dans  ces 
conditions  la  rotation  du  vecteur  vitesse  locale  pour  un  point  liE  &  la  pale  est  trds  rapide  et 
produit  d'importants  cisail'lements  dans  la  couche  limite  generateurs  de  turbulence.  Lorsque  les 
portances  locales  augmentent  par  accroissement  du  pas  ces  perturbations  amorcent  le  decrochage 
proprement  dit  et  il  n'est  pas  possible  de  separer  les  phenomenes  ni  de  dire  d  partir  de  quelle 
valeur  du  pas  le  decrochage  commence  ;  pour  simplifier  le  langage  nous  dirons  simplement  qu'd 
partir  deA.0,50  le  rotor  est  toujours  decroche,  plus  ou  moins  suivant  sa  charge  ;  nous 
examinerons  plus  loin  si  ce  phenomena  est  important  ou  non. 

Pour  illustrer  ce  fait  nous  donnons  figure  1!  un  schema  de  l'ecoulement  dans  la 
configuration  suivante  :  A0.77  0(q  -  8°  6  6°,  portance  du  rotor  nulle  (rotor  2)  j  les  symboles 

de  visualisations  sont  expliques  figure  10  ;  il  y  a  deux  zones  de  perturbations  :  1 'entree  dans 
le  cercle  d'inversion  et  la  zone  interieure  aval  soumise  au  sillage  du  moyeu  ;  dans  une  partie 
de  la  sortie  du  cercle  d'inversion  les  fils  sont  centrifuges,  indice  d'une  couche  limite  epaisse 
dont  l'energie  turbulente  est  insuffisante  pour  agiter  les  fils. 

Les  visualisations  par  fils  sont  obtenues  de  la  faqon  suivante  :  une  tourelle  mobile  situEe 
d  la  partie  superieure  de  la  veine  comporte  un  appareil  de  photo  et  des  lampes  stroboscopiques 
dont  le  champ  est  dirige  par  telecommande  vers  la  position  de  la  pale  en  azimut  que  l'on 
dCsire  ;  pour  une  position  en  oiimut  I'otturateur  it  l’appjteil  photo  est  ouvert  pendant  einq 
eclairs  successifs,  declenches  par  l'azimut  choisi,  de  sorte  que  l'on  est  renseigne  sur 
l'agitation  des  fils  ;  ceux-ci  sont  colies  en  un  point  sur  l'extrados  d'une  pale  en  deux 
lignes  :  25  Z  et  60  1  des  cordes. 

L'examen  des  visualisations  par  fils  montre  que  la  premiere  partie  de  la  pale  reculante 
est  plus  perturbee  que  la  deuxieme  partie  ;  nous  pensons  que  ce  fait  est  du  d  deux  causes  : 

-  l'amont  du  disque  est  plus  charge  que  l'aval,  phenomene  particulier  aux  rotors  d 
basculement  libre  et  d  faible  nombre  de  Lock 

-  l'angle  de  la  force  centrifuge  et  du  vecteur  vitesse  locale  est  plus  grand  en  debut  de 
pale  reculante  qu'en  fin  de  pale  reculante,  de  sorte  qu'avant  l'azimut  270°  le  fil  est  attaque 
ue  trevtsis  pat  le  vefil  local,  ce  qui  peut  provuquet  une  turbulence  dans  is  cOuctie  Limite. 

5.  LE  DECROCHAGE 

Le  decrochage  des  pales  d'un  rotor  n'est  pas  un  probleme  simple  ;  entre  1 'Ecoulement  sain  d 
faible  sillage  et  le  decrochage  du  type  courant  plan  d  grand  sillage  turbulent  il  existe  des  etats 
irtcrmCdioircr  difficile*  i  ciaiscr,  coapliquf;  per  l'apparition  de  phinomer.as  cridimet iicr.t«ls 
instationnaires .  Certains  troubles  de  comportement,  tels  que  1 ' augmentation  des  vibrations  de  torsion 
qui  accompagne  souvent  le  decrochage,  peuvent  se  manifester  dans  d'autres  circonstances,  ou  bien  ne  pas 
avoir  lieu  alors  que  l'on  constate  par  ailleurs  que  le  decrochage  existe  ;  nous  verrons  plus  loin  que 
4  'iapoMane*  -d'wre  -pertuffcatior,  d'Cecmiwaait  «*t  evVtfnai ell emeM  44*h  4  4*  4e  Va 

cinEtique  locale. 


La  portance  et  la  traction  (ou  la  tratnEe)  du  rotor  sont  tres  peu  influencees  par  le 
dEcrochage  de  la  pale  reculante  ;  par  contre  le  couple  moteur  augmente,  surtout  aux  incidences 
faibles  du  rotor,  positives  ou  negatives.  I1  ne  faut  pas  en  conclure  que  nous  ayons  Id  un 
critere  simple  de  decrochage,  car  chaque  fols  que  ce  decrochage  a  pu  etre  localise  en  pas  nous 
avons  constate  que  la  divergence  du  couple  C'jmmenQait  plus  tot,  d'une  part  d  cause  de 
I'augmentation  de  la  trainee  de  profil  en  pale  reculante  d'autre  part  d  cause  de  la  divergence 
de  trainee  rranssonique  en  fin  de  pale  avar^ante,  ronpp  nous  1  'ont  montre  nos  analyses  de 
pressions  locales.  Ainsi  au  point  fixe,  le  chiffre  de  merite  chute  plusieurs  degree  avant  le 
debut  de  decrochage,  d  la  vitesse  pdripherique  de  200  metres  par  seconde,  le  dernier  quart  de 
la  pale  etant  en  fonctionnement  supercritique. 

Nous  avons  obtenu  une  manifestation  spectaculaire  de  1 'augmentation  du  couple  avec  le 
a'rtochagfc  detr  Cofidttx  ifti  iwtAmptvjr' 44 W  «vbc  on  i,  4,4  at  6vmnd4t  6  4, 

Soufflerie  de  MARIGNANE  :  au  cours  d'une  mesure  en  autorotation  d  forte  portance,  chute  brutale 
du  regime  et  augmentation  non  moins  brutale  du  basculement  longitudinal  ;  il  a  fallu  injecter 
immediatement  de  la  puissance  au  rotor.  C'est  pourquoi  les  essais  d'autorotation  d  forte 
portance  sont  delicats. 
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5.2.  Leg  pressions  locales 

Une  version  du  rotor  1  etait  equipee  de  capteurs  de  pression  differentiel le  et  de  pression 
absolue  ;  les  rfisultats  leg  plus  intgressants  et  les  plus  fiables  proviennent  des  capteurs  de 
pression  differentiate,  repartis  en  quatre  cordes. 

Les  enregistrements  sur  bande  magnetique  sont  nuragrises  cent  fois  par  tour,  moyenngs  sur 
trois  tours  et  mis  sous  la  forme  Ap/po  ;  puis  les  charges  locales  Pm  sont  calculges  pour  chaque 
corde,  le  nombre  de  Mach  local  de  rgfgrence  M  -  J_  (RU  +  V  sin  ij>)  oa  a  est  la  vitesse  du  son  dans 
la  veine,  et  le  coefficient  de  force  normale  a  Cfj  »  1,43  Pm/M? .  L'etude  des  pressions  locales 
est  grandement  facilitee  par  1 'utilisation  du  coefficient  de  pression  A  p/q  Cm  que  l'on  calcule 

par  la  formule  Ap/q  Cm  ■  4— ,  qui  a  l'avantage  de  ne  faire  intervenir  aucune  hypothSse  sur 

Po 

les  vitesses  locales.  En  incompressible  non  decroche  les  repartitions  des  coefficients  de 
pression  le  long  de  la  corde  se  reduisent  3  une  courbe  unique  qui  nous  sert  de  reference  ; 
parallelement  3  nos  essais  de  rotors,  les  profils  utilises  etaient  testes  3  la  Soufflerie  S3  MA 
en  courant  plan  dans  les  memes  conditions  de  nombres  de  Mach  et  de  nombres  de  Reynolds,  de  sorte 
que  nous  avons  pu  comparer  les  resultats  en  rotor  tournant  et  en  courant  plan  j  la  plupart  des 
disaccords  ont  pu  etre  identifies  et  expliques. 

Les  pales  munies  de  capteurs  de  pre3sion  avaient  un  gquipement  tres  sommaire  en  capteurs 
de  contrainte,  de  sorte  que  nous  avons  limite  leur  utilisation  au  parametre  d'avancement  0,60, 
les  parametres  d'avancement  plus  Sieves  conduisant  3  des  problemes  vibratoires  delicats. 

Jusqu'3  A-  0,1)0  les  phenomenes  sont  stables  et  repetitifs  a  deux  exceptions  pr3s  :  le  point 
fixe  oQ  se  dSclonche  brusquement  un  flottement  de  torsion,  et  les  inclinaisons  tres  grandes  de 
l'arbre  vers  l'annnt  ou  les  vibrations  divergent  si  l'on  persiste  dans  le  decrochage. 

Les  repartitions  des  pressions  en  corde  qu'il  est  possible  de  tracer  sont  trop  nombreuses, 
de  sorte  que  nous  avons  utilise  un  critere  simple  pour  caracteriser  1 'evolution  des  zones  de 
decrochage  en  fonction  des  parametres  d 'essais  :  la  chute  des  coefficients  Ap/q  Cm  au 
voisinage  du  bord  d'aftaque,  3  2,5  X  et  6  X  de  la  corde,  car  c'est  3  partir  du  bord  d'attaque 
que  le  decrochage  se  developpe.  Nous  donnons  cette  evolution  figure  12  pour  six  cas,  qui 
mgritent  quelques  commentaires  ;  les  traces  ne  sont  pas  lisses  ;  des  droites  joignent  les 
points  de  calcul  (100  par  tour)  : 

a)  A.  0,30  Hq  -  8" 

0  7,8°  :  pas  de  decrochage,  mais  importante  manifestation  d'une  interaction  tourbillon- 
naire  dont  1' emplacement  thgorique  est  note  IT  sur  l'axe  des  azimuts.  Les  lignes 
pointillees  sont  les  valeurs  de  Ap/q  Cjj  en  incompressible  non  dgcrochg. 

0  10,4°  :  decrochage  sur  la  plus  grande  partie  de  la  pale  reculante  ;  la  brusque 
remontee  de  Ap/q  Cm  dans  1 ' interaction  tourbillonnaire  est  accompagnge  d'une  baisse 
importante  du  coefficient  de  portance. 

b)  A 0,30  <Xq  -  24° 

L' interaction  tourbillonnaire  a  disparu,  1 ' inclinaison  de  l'arbre  gloignant  les 
tourbillons  marginaux  des  pales  ;  au  pas  de  15°  il  n'y  a  pas  de  decrochage  (il  y  a 
peut  etre  une  bulle  de  decrochage  3  2,5  2  pour  l'azimut  280°)  ;  Ap/q  Cm  3  2,5  X  est 
plus  eleve  en  pale  amont  parce  que  dans  ce  cas  le  profil  est  en  configuration 
supercritique  au  voisinage  de  son  Cfj  maximal  ;  le  decrochage  est  nettement  Stabli  au 
pas  de  16,5°. 

Dans  tout  le  domaine  compris  entre  AO  et  A0,40  l'apparition  du  decrochage  (en  montant 
le  pas)  est  brutale,  tout  au  moins  pour  le  rotor  I. 


c)A0,50  <Xq  -  8° 


Pour  ce  parametre  d'avancement  il  n'y  a  pas  d'interaction  tourbillonnaire  possible  en 
pale  reculante  ;  les  perturbations  au  voisinage  de  l'azimut  360°  sont  dues  au  sillage 
du  moyeu,  dont  l'importance  croit  avec  le  paramdtre  d'avancement  ;  le  dgcrochage  est 
progressif  3  cause  de  1 'influence  du  cercle  d'inversion. 


Nous  donnons  figures  13  et  14  quelques  courbes  de  repartitions  en  corde  ;  les  traces  n'ont 
pas  la  pretention  d'etre  rigoureux  car  ils  sont  bases  sur  six  capteurs,  situgs  3  2,5  X  6  X 
26  Z  40  X  60  X  et  80  Z.  Pour  A0,50  on  voit  nettement  lc  deplacement  de  l'amont  vers  l'aval 
des  bosses  de  pressions  dif ferentielles  produices  par  le  dgplacement  des  tourbillons  issus  du 
bord  d'attaque,  caractSristique  du  decrochage  instationnaire  ;  on  voit  aussi  les  valeurs 
glevges  des  coefficients  de  portance  dues  3  la  fois  3  l'attaque  oblique  et  au  caract3re 
instationnaire  de  1  'gcoulement .  Lorsque  les  Mach  locaux  sont  faibles  les  valeurs  des  Cn  ne  sont 
pas  prfcisees,  un  calcul  simple  d'erreur  montrant  qu'il  n'est  pas  possible  de  le  faire  ;  on  peut 
cependsnt  affirmer  qu'elles  sont  tres  superieures  3  ceiles  du  courant  plan  stationnaire. 

Sur  la  figure  14  nous  avons  montre  par  un  schema  qu'une  interaction  tourbillonnaire  en  fin 
de  pale  reculante  vient  compliquer  les  ecoulements,  relayge  peu  aprds  le  sillage  du  moyeu. 

Tous  les  essais  du  rotor  I  muni  de  prises  de  pression  ont  £ti  effectuds  3  la  vitesse 
pSriphgrique  200  m3tres  par  seconde  ;  au  parametre  d'avancement  0,60  nous  avions  un  nombre  de 
Mach  en  extremity  de  pale  avanqante  egal  3  0,96,  avec  une  ambiance  vibratoire  et  une  ambiance 
sonore  tr3s  SlevSes.  Il  est  probable  que  nous  avions  egalement  des  dgcrochages  derriSre  les 
chocs  en  pale  avanqante,  mais  nous  manquons  d' informations  3  ce  sujet. 
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5.3.  Influence  du  decrochage  sur  les  vibrations  des 


Le  comportement  vibratoire  d'un  rotor  dAcrochA  depend  essentiellement  du  pararaAtre 
d 'avancement  (pour  un  vrillage  donnA)  .  On  peut  enoncer  comtne  loi  gAnArale  que  le  decrochage 
eat  d'autant  plus  dangereux  que  le  parametre  d 'avancement  eat  plus  faible  ;  le  cas  le  plus 
critique  que  nous  ayons  rencoi’trA  est  le  point  fixe,  oO  le  dAcrochage  a  declenche  brusquement 
un  flottement  de  torsion  accompagnA  d'un  violent  bruit  de  tambour  ;  pour  notre  rotor  (le  rotor 
I)  le  decrochage  est  apparu  vers  R  0,80  dans  les  conditions  locales  du  courant  plan 
stationnaire,  le  caractere  instationnaire  du  phenomene  ne  se  manifestant  qu'une  fois  les 
vibrations  de  torsion  declenchAes,  a  la  frequence  propre  des  pales  (4,5w). 

Aux  faibles  paramAtres  d 'avancement  jusque  vers  0,50,  le  decrochage  se  manifeste 
essentiellement  par  une  augmentation  plus  ou  mo ins  brutale  des  vibrations  de  torsion  en 
frequences  harmoniques  du  regime,  notamment  de  rangs  I,  2,  A  et  5  j  une  augmentation  des 
vibrations  de  trainee  apparait  souvent  mais  ce  n'est  pas  une  regie  g6nerale.  Le  rotor  1 
decroche  brutalement  ;  en  meme  temps,  comme  nous  l'ont  montre  des  visualisations  par  fils, 
lea  vibrations  de  torsion  augmentent  brusquement.  Le  comportement  du  rotor  2,  A  bord  d'attaque 
cambre,  est  plus  compliquA  ;  aux  faibles  inclinaisons  de  l'arbre  le  decrochage  est  progressif 
et  1 'evolution  des  vibrations  de  torsion  n'est  pas  simple  ;  aux  grandes  inclinaisons  de 
l'arbre  vera  l'amont  on  retrouve  le  comportement  du  rotor  1  avec  un  decrochage  se  produisant  A 
de  plus  grandes  portances  A  cau  de  la  cambrure . 

Lorsqu'on  augmente  le  pare^jtre  d'avancement  le  decrochage  deviant  de  plus  en  plus 
progressif  pour  nos  deux  rotor  ;  nous  attribuons  ce  fait  au  dAveloppement  du  cercle  d'inversion 
et  aux  cisaillements  de  la  cou> ' a  limite  qui  I'accompagnent.  D'autre  part  i'influence  du 
decrochage  sur  les  vibrations  diminue  jusqu'A  disparaitre,  pour  les  raisons  suivantes  : 

-  1 'ambiance  vibratoire  augmente  avec  le  parametre  d’avancement,  des  la  portance  nulle 

-  les  prcssions  cinetiques  diminuent  en  pale  reculante 

-  les  limites  vibratoires  ne  nous  permettent  pas  de  pousser  le  decrochage  jusqu'A  ce  qu'il 
rencontre  des  zones  A  fortes  pressions  cinetiques. 

Nous  donnons  figure  15  trois  exemples  caracteristiques  du  comportement  du  rotor  2  : 


a)  A0,30  Wq  -  8°  ;  au  pas  de  8°  quelques  troubles  d'ecoulement  apparaissent  A  AO  Z  du 
rayon  par  interaction  tourbillonnaire  en  fin  de  pale  avanqante  ;  au  pas  de  I0°5  ces 
troubles  declenchent  un  decrochage  local  en  debut  de  pale  avanqante  ;  les  vibrations  de 
torsion  augmentent  ;  un  nouveau  phAnomAne  apparait,  de  legAres  perturbations  en  fin  dc 
pale  reculante  par  interaction  tourbillonnaire.  Au  pas  de  12°  les  vibrations  de 
torsion  diminuent,  pour  une  cause  inconnue,  puis  augmentent  brusquement  J  au  pas  de  13° 
le  dAcrochage  est  bien  etabli  et  occupe  une  zone  tres  importante  de  la  pale  reculante, 
comme  le  montre  la  figure  16. 


b)  Ao,68  <Xq  -  8°  ;  au  pas  de  6°  la  portance  est  pratiquement  nulle  ;  malgre  la  faible 
valeur  du  norabre  de  Mach  en  extremite  de  pale  avanqante  (0,78)  les  vibrations  sent 
fortes  ;  les  ecoulements  ne  sont  perturbes  qu'A  l'entree  dans  le  cercle  d'inversion. 
Quand  on  augmente  le  pas,  ces  perturbations  s'etendent  lentement  dans  la  premiAre 
moitie  de  la  pale  reculante,  mais  au  pas  de  8°  des  troubles  serieux  d'interaction 
tourbillonnaire  apparaissent  en  fin  de  pale  reculante  dans  une  zone  ou  les  pressions 
cinetiques  commencent  A  etre  notables,  et  e'est  peut  etre  1A  la  cause  de 
1' augmentation  des  vibrations  de  trainee,  tandis  que  les  vibrations  de  torsion  plutot 
sensibles  au  decrochage  proprement  dit  augmentent  peu.  Au  pas  final  de  10°  le 
dAcrochage  est  important  mais  A  1'intArieur  d'une  zone  de  faibles  pressions  cinetiques  j 
les  limitations  de  vibrations  de  battement  et  de  trainee  nous  empechent  d'augmenter 
davantage  le  pas . 


c)  AO.AO  0(q  0°  ;  e'est  le  seul  cas  que  nous  ayons  rencontre  ou  le  dAcrochage  A  faible  A 
est  accompagne  d'une  augmentation  faible  des  vibrations  de  torsion  ;  nous  franchissons 
1A  deux  autorotations  l'une  A  6  A°,  1' autre  A  0  6,5°  apres  la  divergence  du  couple 
moteur. 


On  sait  que  dans  les  autorotations  les  charges  aArodynamiques  sont  deplacees  vers  le  centre 
du  rotor  par  rapport  aux  configurations  usuelles  ;  il  en  rAsulte  des  troubles  d'ecoulement 
prAmatur6s  dans  cette  zone  mais  de  peu  d' importance  au  point  de  vue  vibratoire  ;  e'est  nettement 
1 ' interaction  tourbillonnaire  de  fin  de  pale  avanqante  qui  dAclenche  ces  troubles  ;  le  decrochage 
proprement  dit  n' apparait  que  vers  9  7°,  oO  les  vibrations  de  trainAe  croissent  tres  rapidement  ; 
pour  cette  valeur  du  parametre  d'avancement,  l'interaction  tourbillonnaire  de  fin  de  pale 
reculante  est  rAduite  A  une  zone  minuscule. 

Les  interactions  tourbillonnaires  jouent  un  role  important  mais  seulement  dans  les  cas  oQ 
elles  sont  possibles,  c’est-A-dire  aux  faibles  incidences  du  disque.  Aux  fortes  incidences 
positives  ou  negatives  les  trajectoires  des  tourbillons  marginaux  sont  trop  eloignees  des  pales 
pour  que  les  vitesses  induites  par  ces  tourbillons  soient  notables. 

Les  consequences  das  perturbations  de  la  pale  reculante  ne  se  manifestent  que  pour  des 
pressions  cinAtiques  relatives  q/Q  supArieures  ii  0,2  j  la  figure  17  montre  leurs  repartitions 
pourA0,30  et  A0.70  ;  aux  trAs  grands  Ales  troubles  en  milieu  de  pale  reculante  ont  peu 
d' importance. 
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Pour  terminer  nous  donnons  figure  18  deux  examples  de  photographies  de  pale  munie  de  file, 
choisies  pertai  lee  850  photographiee  exploitable!  que  noui  avons  obtenuee.  La  direction  dee  file 
eet  un  dquilibre  entre  1' influence  du  vent  local  et  celle  de  la  force  centrifuge.  La  photographie 
fuplrieure  montre,  de  l'intdrieur  veri  l'ext6rieur,  une  petite  zone  saine,  une  zone  d£croch£e 
eur  un  tier*  de  rayon  environ,  avec  dee  courantt  de  retour  dans  la  couche  limite,  puis  une  zone 
saine  jusqu'8 l'extremity .  La  photographie  inf£rieure  a  la  particularity  assez  rare  de  montrer  un 
dcoulement  inverse  sain  sur  la  majeure  partie  du  cercle  d' inversion  ;  la  zone  de  ddcrochage 
proprement  dite  avec  courants  de  retour  s'dtend  presque  jusqu'8  1 'extremity  de  la  pale  ;  une 
grande  partie  du  bord  de  fuite  comporte  une  couche  limice  dpaisse  de  faible  Snergie  turbulente, 
lea  fils  sont  centrifugfe. 

6.  CONCLUSION 

La  Grande  Soufflerie  de  Modane  permet  d'effectuer  des  essais  de  rotors  dans  des  conditions  trSa 
sdvires,  limitdes  seulement  dans  la  plupart  des  cas  par  la  tenue  des  pales  en  fatigue  ;  notamnent  il  est 

possible  de  faire  des  mesures  8  des  paramStres  d'avancement  trfes  yievds  tout  en  ayant  des  vitesses 

pfriphyriques  realistes. 

II  est  possible  d'utiliser  des  rotors  classiques  8  des  paramStres  d'avancement  tr£s  yievds  8 
condition  de  ne  pas  leur  demander  des  efforts  de  traction,  de  maitriser  les  problemes  vibratoires,  et 
de  diminuer  la  trainde  des  moyeux. 

L'etude  du  dtcrGchagt  de  la  pale  reeulante  r.'tst  pas  simple,  de  n^rAicX  vstaBAvres  inter «ei.a..t 
et  des  phynomines  annexes  apportant  leurs  propres  perturbations.  D'une  maniere  gdnerale  on  peut  dire  que 

les  conadquences  du  ddcrochage  sont  d'autant  plus  graves  que  le  parametre  d'avancement  est  plus  petit. 

Aux  paramStres  d'avancement  trSs  dleves  la  pale  reculante  est  toujours  le  siege  de  perturbations 
d 'ec^uieuie.ii. ,  qui  uat  uue  faible  impmLauce  lt.uL  slc  ,cd  pzesaio.u,  ciii£tlquea  d.  faiLlia. 


107 


Fig. 2  INFLUENCE  DU  PAS 


PITCH  INFLUENCE  ON  PERFORMANCES 
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TIP  PATH  PLANE  TILT  AND  ANCLE  OF  ATTACK 


Fig. It  INFLUENCE  DE  A  SUR  LES  TRACTIONS  THRUST/ADVANCE  RATIO 


Interactions  tourb il lonn a  i r e»  theoriques 


16  VISUALISATIONS  DE  DECROCHAGE,  ROTOR  2 

VISUALIZATIONS  :  STALL  CONDITIONS,  ROTOR  N*2 
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SUMMARY 

There  are  numerous  aerodynamic  factors  and  interrelationships  which  influence  the  hovering  efficiency 
of  a  helicopter,  but  which  are  frequently  neglected  or  inadequately  treated.  Analysis  of  isolated  rotor 
performance  and  definition  of  wake  structure  and  tip  vortex  characteristics  are  important  subjects  that 
are  receiving  a  relatively  high  level  of  attention;  this  paper  deals  primarily  with  interference  effects 
that  should  receive  additional  emphasis. 

Some  of  the  recent  improvements  in  basic  rotor  design  practice  at  Sikorsky  Aircraft  are  described 
briefly,  and  results  of  several  series  of  model  rotor  tests  are  discussed.  Moderate  values  of  blade  root 
cutout  are  shown  to  have  an  unanticipated  effect  on  hovering  efficiency.  A  large  root  cutout  decreases 
figure  of  merit  of  the  rotor,  but  also  reduces  vertical  drag  of  a  typical  airframe  below  the  rotor,  cutting 
the  aerodynamic  penalty  to  about  half  of  what  tests  of  the  rotor  alone  would  indicate.  Tests  of  a  tilt- 
rotor  model  show  that,  unlike  the  conventional  single  rotor  helicopter  configuration,  the  rotors  do  not 
benefit  from  a  partial  ground  effect  caused  by  the  airframe  in  the  rotor  downwash  field.  The  relationship 
of  blade  twist  and  ground  effect  is  discussed,  and  the  influence  of  ground  proximity  on  vertical  drag  is 
presented.  It  is  shown  that  net  airframe  vertical  drag  can  be  zero  or  negative  when  the  aircraft  1b  close  to 
the  ground.  Additional  systematic  experimentation  is  clearly  needed,  els  is  the  development  of  theory  to 
cover  the  veu-ious  relationships  involved  in  overall  hover  efficiency. 

SYMBOLS 

b  Number  of  blades 

c  Blade  chord 

0^  Airframe  vertical  drag  coefficient,  D/ttR2  p ( flR ) 2 

0^  Rotor  torque  coefficient,  Torque/vR3  p ( OR ) 2  . 

CT  Rotor  thrust  coefficient,  T/iiR2  p(£lR)2 

D  Vertical  download  on  airframe 

M  Figure  of  merit,  .707  C 3/2  /C 

R  Rotor  radius  ' 

r  Radial  distance  from  center  of  rotation 

T  Rotor  Thrust 

y  Distance  below  rotor 

Z  Height  of  rotor  above  ground 

0  Collective  pitch  measured  at  three-quarters  radius 

\  Hover  inflow  ratio,  Induced  velocity /f!R 

p  Air  density 

o  Rotor  solidity,  bc/vR 

♦  Azimuth  angle,  degrees 

DR  Rotor  tip  speed 


1.  INTRODUCTION 

The  a^  odynamic  performance  of  a  hovering  helicopter  is  a  much  more  complex  subject  than  it  was 
once  considered  to  be.  The  traditional  concept  of  hovering  performance,  used  for  the  first  quarter-century 
of  helicopter  development,  was  a  highly  simplified  one.  A  few  design  variables,  including  rotor  solidity, 
blade  twist,  and  tip  speed,  were  recognized  as  having  a  fundamental  effect  on  hover  figure  of  merit.  These 
parameters  plus  the  operational  variables  (altitude,  temperature,  gross  weight  range,  etc.)  were  used  to 
predict  the  basic  hover  performance,  usually  by  classical  or  semi-empirical  techniques.  This  performance 
was  then  corrected  by  10  percent  or  so  to  account  for  tail  rotor  power,  by  2  or  3  percent  to  account  for 
transmission  losses,  and  sometimes  by  a  few  percent  to  account  for  the  vertical  drag  (aerodynamic  download) 
on  the  fuselage  caused  by  the  rotor  slipstream.  This  procedure  provided  an  estimate  of  the  overall  aircraft 
hover  performance.  All  too  often,  however,  the  measured  hover  performance  was  found  to  be  somethin"  different. 

In  recent  years  much  more  sophisticated  analyses  have  been  developed  to  predict  the  performance  of 
the  isolated  rotor.  In  particular  the  influence  of  the  tip  vortex  has  been  recognized  as  a  major  factor. 

As  illustrated  schematically  in  Figure  1,  the  span  load  distribution  of  each  blade  is  altered  substantially 
by  the  presence  of  the  trailing  vortex  from  the  preceeding  blade.  Some  of  the  initial  work  conducted  in 
this  area  by  Sikorsky  Aircraft  and  United  Aircraft  Research  Laboratories  was  reported  in  Reference  1.  More 
recent  and  detailed  investigations  of  rotor  wake  structure  and  performance  effects  are  reported  in  Refer¬ 
ences  2-4.  Programs  to  define  the  basic  characteristics  of  trailing  vortices  have  been  reported  in  Refer¬ 
ences  5  and  6.  There  are  current  efforts  to  devise  techniques  for  dissipating  the  trailing  vortex,  such 
as  the  air-injection  method  reported  in  Reference  7. 

The  subjects  of  wake  structure,  vortex  characteristics,  and  effects  on  performance  are  receiving 
considerable  attention  at  this  time.  On  the  other  hand,  there  are  a  number  of  aerodynamic  factors  influ¬ 
encing  hover  performance  which  frequently  are  neglected  or  inadequately  treated.  The  primary  intent  of  this 
paper  is  to  identify  several  examples  of  such  factors,  which  warrant  increased  emphasis  in  the  future. 
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2.  AERODYNAMICS  OF  ISOLATED  ROTORS 

Rotor  aerodynamic  design  variables  are  presented  In  Figure  2,  divided  into  the  traditional  factors 
and  some  of  the  supplementary  variables  that  are  considered  In  modern  analysis.  Airfoil  section  and  blade 
taper  are  shovn  in  parentheses  in  the  left-hand  column,  because  although  they  have  long  been  recognized  as 
important  design  variables,  there  has  been  very  little  actual  variation  in  these  parameters  until  quite 
recently.  Standard  airfoils  and  constant  chord  have  been  the  general  rule.  In  modern  blade  designs,  the 
airfoil  sections  are  tailored  specifically  to  meet  design  objectives.  Not  only  are  airfoil  camber  and 
thickness  apt  to  be  significantly  different  from  traditional  values  but  there  is  also  frequently  a  span- 
vise  variation  of  the  airfoil  section  from  root  to  tip,  made  possible  by  modern  materials  and  fabrication 
techniques.  Similarly,  not  only  is  blade  taper  now  possible  vith  economical  construction  methods,  but 
arbitrary  spanvlse  variations  oi  chord  may  be  considered,  along  with  arbitrary  blade  twist  distributions. 
Tip  geometry  has  been  recognized  as  having  particular  Importance  as  a  result  of  recent  investigations  of 
the  structure  of  the  rotor  wake.  The  number  of  blades  is  recognized  as  having  aerodynamic  significance 
apart  from  the  solidity  consideration,  because  of  effect  of  the  number  of  blades  on  tip  vortex  structure. 
Special  features  or  devices  designed  to  Influence  the  characteristics  of  the  trailing  vortex  must  also  be 
considered  as  part  of  the  rotor  aerodynamic  design.  The  extent  of  root  cutout  and  spar  shape  have  an 
impact  on  hover  performance  -  an  example  of  this  effect  is  discussed  in  a  following  section.  Finally,  the 
blade  structural  dynamic  properties,  although  not  aerodynamic  factors  at  all,  interact  so  strongly  with 
the  aerodynamics  under  some  circumstances  that  they  are  Included  in  the  list  of  design  variables  in 
Figure  2.  The  most  common  example  of  this  interaction  is  the  dynamic  twisting  of  the  blade,  caused  by 
aerodynamic  torsional  moments,  which  in  turn  changes  the  blade  span  load  distribution  and  therefore 
performance. 

One  example  of  a  recent  Sikorsky  rotor  Incorporating  some  of  the  newer  design  variables  is  shown 
in  Figure  3.  The  Improved  Rotor  Blade  or  IRB,  designed  and  developed  for  the  CH  53  helicopter  with 
support  and  active  participation  by  the  U.  S.  Naval  Air  Systems  Command,  has  demonstrated  significant 
performance  advantages  over  the  standard  production  blades.  The  IRB  utilizes  a  hollow  titanium  spar  and 
a  molded  fiberglass  aerodynamic  shell.  It  incorporates  cambered  blade  sections,  varying  from  15  percent 
at  the  blade  root  to  9.5  percent  thick  at  the  tip.  It  has  a  high,  nonlinear  twist,  with  local  variations 
near  the  tip  to  compensate  for  the  angle  of  attack  disturbance  caused  by  the  vortex  from  the  preceeding 
blade.  The  tip  is  also  tapered  to  reduce  the  strength  of  the  tip  vortex  and  improve  the  spanvlse  loading 
distribution.  This  rotor  has  demonstrated  substantial  improvements  in  hovering  performance  over  the 
standard  production  rotor  system.  It  is  also  quieter  than  the  standard  rotor. 

Another  recent  rotor  design,  shown  in  Figure  !*,  1b  that  developed  for  the  Sikorsky  S-67  Blackhawk 
helicopter.  The  blades  on  this  rotor  incorporate  a  substantial  tip  sweep,  combined  with  a  twist  change 
and  an  airfoil  which  varies  from  a  symmetrical,  12  percent  thick  section  at  95  percent  radius  to  a 
cambered,  6  percent  airfoil  at  the  tip.  These  features  are  important  factors  in  the  good  performance  and 
low  noise  signature  of  this  aircraft. 

V  NET  HOVER  PERFORMANCE 

Even  with  the  refinements  in  the  aerodynamics  of  rotors  mentioned  above,  it  is  obviously  not 
adequate  to  consider  only  the  Isolated  rotor.  The  present  concept  of, factors  influencing  net  hover  per¬ 
formance  of  the  main  rotor  is  shown  in  Figure  5.  Not  only  are  aerodynamic  design  of  the  rotor  and  op¬ 
erational  vartotiei  eontidtret,  t,**  the  tia&e  6%r«eV»&l  dynasA&t-  eAffrcue  4*-.  Vgi.  m  ten. 

sidered.  The  blade  structure  can  influence  the  isolated  rotor  performance,  as  previously  discussed,  and 
the  airframe  design,  in  combination  with  the  rotor  aerodynamic  design  and  operational  variables,  determine 
vertical  drag  (download  on  the  airframe)  and  rotor  thrust  recovery  (increase  in  rotor  thrust  at  constant 
power  due  to  the  presence  of  the  airframej.  The  isolated  rotor  perlormance,  vertical  drag,  and  thrust 
recovery  determine  the  net  rotor  performance.  Note  that  this  diagram  considers  the  main  rotor  only  and 
that  the  tall  rotor  and  transmission,  etc.,  must  still  be  considered  for  overall  aircraft  performance. 

It.  EFFECT  OF  ROOT  CUTOUT 

An  example  of  some  oi  the  aerodynamic  interaction  lacturs  mentioned  will  be  described  loi  a  rotoi 
having  a  large  root  cutout.  One  such  rotor  is  the  Sikorsky  TRAC  rotor  system,  which  is  a  variable  diameter, 
telescoping  blade  configuration  'under  development  for  advanced  VTOL  aircraft,  with  support  from  the  U.  S. 
Army  Air  Mobility  Research  and  Development  Laboratories.  This  rotor  has  a  blade  physical  arrangement  which 
results  in  a  root  cutout  of  approximately  50  percent  of  radius  when  the  blade  is  fully  extended,  as  can  be 
seen  in  Figure  6.  The  inboard  half  of  the  blade  is  an  elliptical  cross-section  tube  which  is  enclosed  by 
the  outer  blade  when  the  blade  is  retracted.  The  ellipse  is  33  percent  thick  and  has  a  chord  of  one-third 
that  of  the  outer  blade.  There  was  concern  that  this  large  cutout  might  result  in  a  substantial  hovering 
performance  penalty,  and  a  series  of  tests  of  four-foot  diameter  rotors  were  conducted,  under  U.  S.  Air 
Force  sponsorship,  to  establish  the  effect  of  root  cutout.  Results  are  reported  in  Reference  8.  The 
test  blades  used  in  the  investigation  are  shown  in  Figure  7.  They  Included  root  cutout  values, measured 
from  the  center  of  rotation,  of  10  percent  (minimum  value),  25,  bo,  and  50  percent  of  radius.  Typical 
test  results  are  shown  in  Figure  8,  which  presents  hovering  figure  of  merit  ratio  (normalized  to  the 
10  percent  cutout  value)  as  a  function  of  percent  cutout.  The  performance  penalty  at  50  percent  cutout 
was  about  as  predicted,  ranging  from  about  four  to  six  percent  at  typical  thrust  coefficients  and  tip 
speeds.  At  lower  cutout  values  an  unexpected  nonlinear  variation  was  established,  with  significant  per¬ 
formance  losses  which  were  not  predicted  by  any  of  several  theories  used.  In  order  to  eliminate  the 
possibility  that  differences  in  construction  accuracy  between  the  four  sets  of  blades  was  causing  the 
effect  shown,  the  tests  were  repeated  with  a  single  set  of  blades,  with  root  cutout  successively  increased 
by  removing  the  inboard  trailing  edge,  through  the  range  from  10  to  50  percent  cutout.  Essentially 
identical  results  were  obtained.  It  seems  evident  that  the  nonlinear  behavior  with  cutout  is  associated 
with  the  changes  in  the  downwash  velocity  distribution  induced  by  the  cutout,  and  possibly  due  to  formation 
of  a  finite  strength  root  vortex  as  well  as  the  usual  tip  vortex.  Flow  visualization  photographs,  using 
smoke  filaments  ejected  from  the  blades,  show  evidence  of  a  finite  strength  root  vortex  for  the  50  percent 
cutout  case.  The  downwash  patterns  are  different  for  the  10  percent  and  50  percent  cutout  cases,  as 
shown  in  Figure  9.  These  patterns,  determined  from  the  flow  visualization  studies,  show  that  the  large 
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cutout  producat  down wash  flow  which  it  farther  outboard  than  for  the  conventional  (minimum  cutout)  rotor. 

At  high  thrust,  smoke  emitted  from  the  50  percent  tpanwise  station  actually  moves  outboard  as  it  flows 
down,  in  contrast  to  conventional  behavior. 

5.  VERTICAL  DRAG  AND  THRUST  RECOVERY 

As  the  large  cutout  rotor  produces  less  lift  and  therefore  less  downwash  near  the  center  of  the 
disk  than  the  conventional  small  cutout  rotor,  it  was  reasoned  that  it  should  also  produce  less  download 
(vertical  drag)  on  that  portion  of  the  airframe  Inboard  of  50  percent  radius.  To  verify  this  hypothesis, 
a  second  series  of  tests  were  conducted,  under  U.  S.  Army  sponsorship,  to  determine  the  differences  in 
vertical  drag  and  thrust  recovery  due  to  root  cutout  for  several  airframe  configurations  (Reference  9).  A 
typical  airframe  model,  representing  a  compound  helicopter  configuration,  with  fuselage  and  a  wing  having 
a  span  of  60  percent  of  the  rotor  diameter,  is  shown  in  Figure  10.  The  airframe  download  was  measured 
simultaneously  but  independently  of  the  rotor  thrust  and  torque  measurements.  The  measured  values  of 
vertical  drag  on  this  airframe,  and  similar  measurements  for  the  fuselage  without  wing,  are  shown  in 
Figure  11  as  functions  of  the  net  thrust  coefficient-solidity  ratio,  (C_  -  C_ ) /o .  As  can  be  seen,  the 
vertical  drag  is  reduced  through  use  of  the  large  cutout  rotor,  particularily  for  the  winged  configurations. 

The  effective  vertical  drag  is  Actually  less  than  the  measured  download,  in  most  cases,  because 
of  a  favorable  Interference  effect  of  the  airframe  on  rotor  performance.  This  may  be  viewed  as  a  partial 
ground  effect  and  is  referred  to  here  as  thrust  recovery.  The  thrust  recovery  is  defined  in  Figure  12  as 
the  Increase  in  thrust  at  constant  power  that  the  rotor  experiences  in  the  presence  of  the  airframe,  com¬ 
pared  to  the  performance  of  the  Isolated  rotor.  This  thrust  recovery,  expressed  as  a  percentage  of 
vertical  drag,  is  shown  in  Figure  13  for  the  cases  under  consideration.  For  the  fuselage  model,  the 
thrust  recovery  is  slightly  better  with  50  percent  cutout  than  with  the  minimum  cutout,  whereas  with  the 
wing,  which  has  most  of  the  additional  area  inboard  of  50  percent  radius,  the  thrust  recovery  is  not  as 
good.  The  net  vertical  drag,  which  is  the  difference  between  the  alrfrsme  download  and  the  thrust  re¬ 
covery,  is  presented  in  Figure  lU.  The  net  saving  in  vertical  drag  with  the  50  percent  cutout  is  not  as 
large  as  the  gross  vertical  drag  reduction  (Figure  11)  but  is  still  appreciable.  In  fact,  the  hover 
performance  penalty  for  the  large  cutout,  which  amounts  to  four  to  six  percent  at  typical  thrust  levels 
for  the  Isolated  rotor,  is  reduced  to  only  two  to  three  percent  for  the  winged  configuration  when  the 
net  vertical  drag  savings  are  considered. 

Hover  performance  and  vertical  drag  are  influenced  by  blade  root  cutout  primarily  because  of  the 
effect  of  cutout  on  blade  span  load  distribution,  which  in  turn  affects  rotor  Induced  power  and  down- 
wash  near  the  root.  It  should  be  expected  that  any  other  rotor  aerodynamic  design  variable  which  controls 
span  load  distribution  might  have  similar  effects.  A  second  example  of  this  relationship  is  provided  by 
the  use  of  blade  twist  to  Increase  hover  efficiency.  Most  helicopter  rotors  have  a  blade  loading  distri¬ 
bution  which  is  too  low  at  the  Inboard  end  to  achieve  the  classic  ideal  of  uniform  disk  loading.  Increasing 
twist  will  usually  improve  the  loading  distribution  and  increase  the  hover  figure  of  merit,  at  least 
for  the  isolated  rotor.  The  higher  downwash  produced  at  the  Inboard  end,  however,  can  be  expected  to 
result  in  higher  net  vertical  drags.  This  was  illustrated' by  recent  tests  at  Sikorsky  Aircraft,  where 
hover  flight  tests  of  a  hlgh-tvlst  experimental  rotor  demonstrated  an  increase  in  useful  lifting  capacity 
of  only  two-thirds  of  the  thrust  Increase  demonstrated  on  the  rotor  whirl  tower. 

6.  THRUST  RECOVERY  OF  ASYMMETRICAL  CONFIGURATIONS 

All  of  the  vertical  drag  model  tests  conducted  by  Sikorsky  Aircraft  for  single  rotor  airframe 
configurations  out  of  ground  effect  have  shown  thrust  recovery  effects,  typically  in  the  range  of  20  to 
50  percent  of  the  vertical  drag.  These  single  rotor  airframe  models  generally  exhibit  a  substantial  de¬ 
gree  of  polar  symetry,  l.e.  any  area  blockage  under  one  portion  of  the  rotor  disk  is  more  or  less  bal¬ 
anced  by  a  similar  area  diametrically  opposite.  Thus  the  front  of  the  fuselege  tends  to  balance  the  rear 
of  the  fuselage,  and  a  right  wing  panel  tends  to  balance  the  left  wing  panel  about  the  center  of  rotation. 
Tests  of  asymmetrical  configurations,  on  the  other  hand,  have  not  always  shown  favorable  thrust  recovery 
effects.  One  example  of  this  was  provided  by  a  series  of  tests  of  tilt-rotor  models.  The  tilt-rotor  is 
a  lateral  twin  rotor  configuration,  and  although  it  is  symmetrical  with  respect  to  the  fuselage  centerline, 
the  area  blockage  is  highly  asymmetrical  from  the  point  of  view  of  each  rotor.  One  of  the  test  models, 
which  utilized  an  end  plate  as  a  reflection  plan*  to  simulate  the  presence  of  the  second  rotor,  is  shown 
in  Figure  15.  Measured  vertical  drag  characteristics  for  this  model  out  of  ground  effect  are  shown  in 
Figure  16  for  two  wing  flap  conditions.  Although  the  vertical  drag  forces  were  substantial,  there  was  no 
measurable  thrust  recovery  at  high  rotor  thrust  and  actually  a  slight  negative  thrust  recovery  at  low 
thrust.  All  of  the  tilt  rotor  configurations  investigated  shoved  generally  similar  results.  Tests  of  the 
rotor  with  a  reflection  plane  only  showed  no  significant  adverse  Interference  for  the  rotor-to-rotor 
separation  distance  being  simulated.  Thus  some  peculiarity  of  the  tilt  rotor  airframe  configuration  is 
responsible  for  the  result. 

For  a  while  it  was  hypothesized  that  the  lack  of  polar  synsnetry  of  the  blocked  area  in  the  down- 
wash  flow  of  the  rotor  might  be  responsible  for  the  lack  of  thrust  recovery.  This  conjecture  seemed 
somewhat  reasonable  considering  that  the  rotor  is  articulated  and  therefore  cannot  support  an  unbalanced 
moment  about  the  center  of  rotation.  An  Interference  in  the  downwash  flow  field  might  be  supposed  to 
cause  the  rotor  to  flap  in  such  a  manner  as  to  cancel  out  any  Incremental  lift.  To  check  this  idea, 
calculations  were  made  for  two  simple  cases  with  Sikorsky's  Generalized  Rotor  Performance  method,  which 
accounts  for  the  aerodynamics  and  dynamics  of  a  freely- flapping  rigid  blade.  An  untvisted  rotor  at  zero 
blade  pitch  vas  assumed,  and  the  rotor  inflow  ratio,!,  was  assumed  equal  to  zero  at  all  points  except 
for  a  thirty  degree  sector  of  the  disk  in  one  case,  and  for  two  diametrically-opposite  thirty  degree 
sectors  in  the  other  case.  In  these  areas  an  arbitrary  lnflov  ratio  of  .02  vas  assumed,  to  represent 
an  upward  Interference  velocity  in  the  plane  of  the  disk  caused  by  the  airframe.  If  the  hypothesis  were 
correct,  the  symmetrical  disturbance  should  produce  a  lift  increment,  whereas  the  unbalanced  disturbance 
should  produce  none.  Results  of  these  calculations  are  presented  in  Figure  17.  Time  histories  of  blade 
flapping  and  thrust  coefficient  for  one  blade  are  shown  for  both  the  symmetrical  disturbance  (double 
pulse,  with  pulses  centered  about  90  and  270  degrees  azimuth)  and  asytnetrlcal  disturbance  (single  pulse 
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centered  about  90  decree*  azimuth  ancle).  The  calculations  disproved  the  original  hypothesis ;  the  slncle 
pulse  disturbance  shows  an  lntecrated  lift  increment  of  exactly  one-half  that  of  the  double  pulae  distur¬ 
bance.  rather  than  aero.  The  blades  do  flap  to  eliminate  the  unbalanced  moment,  but  they  do  It  In  such  a 
way  that  there  la  a  positive  lift  increment  on  the  half  of  the  disk  opposite  the  disturbance  as  well  as 
directly  at  the  disturbance. 

The  lack  of  thrust  recovery  of  the  tilt  rotor  models  remains  unexplained,  but  It  la  now  believed 
that  a  partial  recirculating  downwash  flow  develops  when  both  the  flow  blockage  due  to  the  vlng  and  the 
reflection  plane  are  present.  This  recirculation,  vhlch  would  not  exist  vhen  either  the  wing  or  the  plane 
of  symmetry  were  absent,  could  cause  an  increase  in  the  rotor  induced  power  that  would  tend  to  cancel  the 
beneficial  thrust  recovery  effect.  The  teat  results  are  still  believed  to  be  correct  and  applicable  to 
typical  lateral  twin  rotor  configurations. 

Subsequent  to  the  above  test  experience,  Sikorsky  has  obtained  test  data  on  another  asymmetrical 
configuration  vhlch  does  shov  the  normal  thrust  recovery  effect.  This  was  a  hover  test  of  a  full  size 
tall  rotor  -  vertical  fin  combination  in  vhlch  the  rotor  downwash  vas  directed  toward  the  fin  rather  than 
away  from  it.  All  of  the  area  blockage  vas  on  ore  side  of  the  rotor  disk,  but  thrust  recovery  amounted  to 
approximately  25  percent  of  the  lateral  fin  drag,  greatly  decreasing  the  aerodynamic  penalty  of  the  block¬ 
age  In  the  slipstream.  This  result  provides  a  qualitative  confirmation  of  the  theoretical  calculations 
described  above.  A  positive  thrust  recovery  effect  should  be  considered  as  the  normal  situation  for  air¬ 
frame  components  in  the  flow  field  of  a  hovering  rotor  whether  the  area  blockage  exhibits  polar  symmetry 
or  not.  It  should  be  noted  that  this  conclusion  is  not  In  agreement  with  earlier  NACA  studies,  reported 
In  References  10  and  11,  where  attempts  to  measure  thrust  recovery  vere  generally  unsuccessful.  Obviously 
the  Influence  of  airframe  components  on  the  rotor  will  decrease  as  the  distance  betveen  the  two  increases. 
This  diminution  of  thrust  recovery  with  increasing  separation  between  rotor  and  airframe  has  been  ob¬ 
served  several  times  in  various  model  tests. 

7.  GROUND  EFFECT 

The  influence  on  hover  performance  of  rotor  proximity  to  the  ground  has  long  been  recognized,  but 
the  phenomenon  Is  not  very  well  understood.  Several  peculiarities  have  been  noted  which  as  yet  are  not 
explained  by  theory.  One  example  of  this  Is  the  apparent  Influence  of  blade  aspect  ratio  on  the  magnitude 
of  thrust  augmentation  in  ground  effect.  In  a  study  conducted  by  Sikorsky  Aircraft  several  years  ago  It 
vas  noted  that  low  aspect  ratio  blades  seem  to  have  significantly  higher  augmentation  ratios  due  to 
ground  effect  than  high  aspect  ratio  blades.  This  relationship  vas  reported  In  Reference  12.  Another 
unexplained  phenomenon  Is  the  influence  of  blade  twist  on  ground  effect.  Figure  18  presents  hover  per¬ 
formance  data  obtained  in  tests  conducted  at  United  Aircraft  Research  Laboratories  on  two  model  rotors 
vhlch  were  Identical  except  for  blade  twist.  Seme  of  these  data  vere  obtained  In  U.  S.  Army-supported 
tests  vhlch  are  described  in  Reference  3.  For  the  out-of-ground-effect  condition,  high  negative  twist  is 
beneficial  at  the  higher  thrust  levels,  as  would  be  expected.  With  the  rotor  close  to  the  ground,  however, 
the  lover  tvlst  rotor  has  substantially  better  performance  throughout  the  usual  range  of  thrust  loadings. 
This  effect  Is  shovn  In  a  different  manner  in  Figure  19,  which  presents  thrust  augmentation  ratio  (thrust 
in  ground  effect  divided  by  thrust  out  of  ground  effect)  as  a  function  of  height  above  ground. 

As  the  thrust  recovery  aspect  of  vertical  drag  phenomena  is  presumed  to  be  due  to  partial  ground 
effect.  It  seems  reasonable  to  assume  that  factors  vhlch  influence  the  magnitude  of  ground  effect,  in¬ 
cluding  blade  aspect  ratio  and  twist,  would  also  Influence  the  magnitude  of  thrust  recovery.  However, 
test  data  to  verify  this  assiaiption  are  not  available. 


8.  THE  INTERRELATIONSHIP  OF  VERTICAL  DRAG  AND  GROUND  EFFECT 

Because  the  dovnvash  pattern  below  a  hovering  rotor  is  substantially  altered  by  proximity  to  the 
ground,  it  Is  to  be  expected  that  vertical  drag  of  airframe  components  will  also  be  altered  by  ground 
effect.  The  change  In  dovnvash  pattern  is  shown  by  the  photographs  in  Figure  20  vhlch  show  patterns  of 
smoke  introduced  into  the  flow  field  Just  above  the  rotor.  In  ground  effect,  a  dome-shaped  region  of  iov 
velocity  air  appears  under  the  center  of  the  disk,  and  the  main  dovnvash  flow  is  pushed  outboard.  Static 
pressures  in  the  flow  field  are  also  substantially  altered,  as  described  in  Reference  13.  Both  the 
velocity  and  pressure  fields  will  influence  vertical  drag.  The  interrelationship  of  ground  effect  and 
vertical  drag  is  illustrated  by  test  results  obtained  on  a  series  of  simple  models  below  a  rotor.  The 
rotor  is  the  same  as  that  shown  in  Figure  20;  it  is  two  feet  in  diameter,  with  two  untwisted  blades  of 
aspect  ratio  six.  The  vertical  drag  models  included  a  cylindrical  simulated  fuselage  with  a  diameter 
of  0.25  R  and  a  length  of  1.2  R  (where  R  is  rotor  radius),  a  simulated  wing  with  a  chord  of  0.2  R  and 
a  span  of  1.6  R,  and  two  flat  disks  having  radii  of  0.1*  R  and  0.6  R  respectively.  All. models  vere  symme¬ 
trically  mounted  under  the  rotor  and  the  three  flat  configurations  were  0.33  R  below  the  rotor.  The 
simulated  fuselage  vas  closer  to  the  rotor;  the  top  of  the  cylinder  was  .073  R  below  the  rotor  disk. 
Although  these  models  do  not  represent  any  actual  helicopter  configuration,  the  trends  of  the  data 
are  generally  representative  of  the  aerodynamic  interrelationships  to  be  expected. 

Typical  results  of  the  te3ts  are  presented  in  Figures  21-2U.  The  collective  pitch  is  constant 
(approximately  10  degrees)  for  all  results  shovn.  The  measured  rotor  torque  was  also  essentially  constant 
within  the  accuracy  of  measurement  for  all  conditions  shown.  The  influence  of  height  above  ground  and  ver¬ 
tical  drag  configuration  on  rotor  thrust  at  constant  power  is  3hovn  in  Figure  21.  A  substantial  ground 
effect  exists  for  the  Isolated  rotor;  the  rotor  thrust  coefficient  -  solidity  ratio  increases  by  approxi¬ 
mately  35  percent  as  height  is  decreased  from  the  out-of-ground-effect  condition  (assumed  for  Z/R  »  5)  to 
the  lowest  value  (Z/R  *  0.1*5).  The  presence  of  the  vertical  drag  models  Increases  the  thrust  (positive 
thrust  recovery)  at  the  out-of-ground-effect  condition,  but  has  very  little  effect  on  rotor  thrust  at  the 
minlisum  height.  It  may  be  noted  that  in  the  vicinity  of  Z/R  «  1  several  of  the  models  actually  caused  a 
negative  thrust  recovery,  that  is,  the  rotor  thrust  is  less  with  the  airframe  components  present  than  for 
the  Isolated  rotor. 
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The  thrust  recovery,  obtained  from  the  differences  In  the  curve*  of  Figure  21,  Is  shown  in  Figure  22 
for  the  various  vertical  drag  models.  In  each  case  the  thrust  recovery  can  be  seen  to  drop  substantially 
at  rotor  height  ratios  below  2.0,  becoming  negative  for  three  of  the  models  at  Z/R  »  1.0.  At  the  lowest 
height  the  magnitude  of  thrust  recovery  Is  very  small  for  all  models. 

The  measured  vertical  drag  values  for  the  models  are  presented  in  Figure  23.  These  curves  also 
exhibit  a  drop  in  value  with  decreasing  Z/R,  becoming  negative  for  several  models  at  the  lowest  rotor 
height.  The  60  percent  disk  has  a  particularity  large  negative  vertical  drag  (positive  lift  force)  at 
minimum  rotor  height.  Pressure  measurements  on  the  disk  showed  a  substantial  positive  pressure  on  the 
lower  surface  and  a  surprisingly  large  negative  pressure  peak  at  the  center  of  the  upper  surface.  The 
negative  pressure  peak  suggests  the  formation  of  a  vertical  standing  vortex  of  substantial  strength  on 
the  upper  surface,  as  previously  reported  In  Reference  lU  A  similar  drop  in  pressure  was  noted  on  the 
ground  directly  under  the  center  of  the  rotor  when  the  rotor  was  mounted  close  to  the  ground  but  without 
vertical  drag  models. 

The  net  vertical  drag,  which  Is  the  measured  vertical  drag  minus  the  rotor  thrust  recovery.  Is 
presented  In  Figure  2b.  It  can  be  seen  that  the  net  or  effective  vertical  drag  generally  drops  In  ground 
effect,  and  can  be  substantially  negative  very  close  to  the  ground.  The  two  disks,  which  show  the 
largest  negative  drags,  also  exhibit  a  slight  dip  in  the  curve  at  a  height-radius  ratio,  Z/R,  of  2.0. 

Of  all  the  models,  the  wing  extends  farthest  out  from  the  center  of  rotation  Into  the  higher  velocity 
region  of  the  downwash  field.  It  exhibits  an  essentially  constant  net  vertical  drag  with  reducing  rotor 
height  down  to  one  rotor  radius,  followed  by  a  sharp  drop  to  a  near-zero  net  drag  at  the  lowest  height. 

The  final  example  of  the  cc^ilexlty  of  vertical  drag  is  presented  In  Figure  25  which  shows  add¬ 
itional  test  data  on  the  effect  of  wing  vertical  location  for  the  out-of-ground-effect  conditon.  The 
apparent  vertical  drag  (measured  download  divided  by  rotor  thrust  measured  concurrently)  Is  higher  for 
the  high  wing  position  than  for  the  low  wing  position.  After  accounting  for  thrust  recovery,  however,  the 
effect  Is  reversed;  the  net  vertical  drag  (download  minus  thrust  increase,  divided  by  isolated  rotor 
thrust  at  the  same  power)  Is  higher  for  the  low  wing  than  for  the  high  wing.  This  result  seems  qualita¬ 
tively  reasonable  In  view  of  the  slipstream  contraction  which  occurs  below  the  rotor;  the  wing  blocks  a 
smaller  pereen.  of  the  slipstream  when  It  Is  very  near  the  rotor  disk  than  It  does  In  a  low  position 
where  the  slipi  treem  Is  fully  contracted. 

9.  CONCLUDING  REMARKS 

At  the  present  time  there  Is  no  theory  which  encompasses  all  or  even  most  of  the  aerodynamic 
Interrelationships  considered  herein.  These  factors  can  be  studied  with  small  models  at  moderate  cost, 
with  adequate  accuracy  and  repeatability .  The  low  Reynolds  numbers  of  some  of  the  flows  involved,  how¬ 
ever,  make  direct  application  of  the  data  to  full  size  helicopters  somewhat  questionable.  There  needs  to  be 
a  series  of  systematic  experimental  research  programs  on  both  small  and  large  scale  models  to  establish 
Reynolds  number  effects  and  to  extend  the  fund  of  data  available  on  the  overall  hovering  efficiency  of 
helicopters.  Further,  it  Is  necessary  to  develop  analytical  models  that  will  permit  determination  of 
vertical  drag,  thrust  recovery,  ground  effect,  etc.,  to  give  the  designer  the  means  of  optimizing  his 
aircraft  without  the  necessity  of  long  and  costly  experimental  optimization  programs. 

There  Is  an  additional  factor  that  needs  emphasis.  Up  to  this  point  the  discussion  has  been  limited 
to  pure  hover.  In  other  words  nib  horizontal  velocity  component  due  to  either  translation  or  wind  is 
considered.  Statistically,  this  is  a  rather  rare  event  -  the  real  "hover"  situation  Involves  advance 
ratios  which  are  seldom  below  .ul  and  occasionally  higher  than  0.10.  There  is  evidence,  for  example  as 
discussed  In  References  1  and  15,  that  rotor  hover  aerodynamics  are  altered  substantially  at  very  low 
advance  ratios.  It  Is  quite  possible  that  rotor-alrframe-ground  Interference  relationships  In  general 
also  are  altered  substantially  at  low  speeds.  There  Is  very  little  useful  experimental  data  on  these  rela¬ 
tionships,  and  no  established  theories.  It  should  be  an  objective  to  develop  test  data  and  theories  for  a 
continuous  spectrum  of  operation  from  true  hover  up  to  high  forward  speeds.  The  rotor-airframe  Interference, 
which  is  primarily  a  performance  consideration  In  hover,  becomes  primarily  a  stability  and  control  con¬ 
sideration  In  cruise.  A  continuous  theory  Is  necessary  to  define  the  relative  magnitude  of  these  effects 
for  any  specified  condition  - 

It  Is  tine  tc  focus  additional  attention  on  the  aerodynamics  of  hovering  rotors  in  real  environments: 
alwsys  In  close  proximity  to  an  airframe,  frequently  In  close  proximity  to  the  ground,  and  usually  In 
variable  winds  which  require  continual  corrective  actions  by  the  pilot. 
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SUMMARY 

The  present  study  is  concerned  with  the  rotor  in  axial  flow.  It  is  possible  to  treat  the  whole 
practical  region  of  advance  ratios,  beginning  with  large  positive  values  (propellers)  over  small  positive 
and  negative  values  (helicopters)  (part  1)  up  to  large  negative  values  (recovery  rotor)  (part  2). 

Firstly  a  brief  outline  of  the  calculation  methods  is  given.  In  the  first  part  a  vortex  method  is 
used,  but  in  the  second  part  a  momentum  -  blade  element  method  was  applied  on  account  of  widely  separa¬ 
ted  flow.  Since  these  methods  have  to  be  used  many  times  during  a  design  cycle  or  during  performance 
calculations  it  is  important  that  they  are  as  quick  as  possible  to  save  computer  calculation  time. 

Finally,  a  comparison  with  experimental  data  is  performed  for  some  cases. 

LIST  OF  SYMBOLS 


Rotor  disc  area 
disc  area  element 
10 


Activity  factor  *  j £  d  (-£) 

b  Number  of  rotor  blades 

c  Blade  chord  at  radius  r 

cD  Local  blade  section  drag  coefficient 

Cj  Local  blade  section  lift  coefficient 

c^  Blade  section  design  lift  coefficient 

cy  Integrated  design  lift  coefficient  = 

*  f*u  <*>’-  l*) 


Power  coefficient  ■ 

05  •  ~il6T  1 

,  I  tRPM^3  ,  2R  Tft  1  \5 

®  '  Tooo*'  — ' 

Thrust  coefficient  = 

0.1515 


Rotor  torque 

Torque  of  rotor  blade  element 

Mass  flow  through  rotor  disc  area  element 

static  pressure 

static  pressure  on  the  upper  side  of  rotor 
disc  area  element 

static  pressure  on  the  lower  side  of  rotor 
disc  arua  element 

atmospheric  pressure 

Total  blade  radius 

rBdius  along  blade 

Radius  of  rotor  area  acting  like  an  imperme¬ 
able  disc 

Blade  root 

Radius  of  rotor  tip  vortex  at  azimuth  angle  Y 

Axial  free  stream  velocity 

Axial  velocity  through  rotor  plane  *  w^-V 

Resulting  velocity  at  rotor  blade  element 

Axial  velocity  at  end  of  wake  core 

Axial  induced  velocity  at  hovering  for  hypo¬ 
thetical  rotor  with  uniform  disc  loading  * 


CWP 

Pressure  coefficient  in  turbulent  wake  be- 

P  -  0 

hind  fast  descending  rotor  ■  — - L 

f  VJ 

wi 

y,z 

Axial  induced  velocity  in  rotor  plane 

Rectangular  coordinate  system 

A  D 

F 

Drag  of  rotor  blade  element 

Rotor  thrust 

z 

w 

Axial  displacement  of  rotor  tip  vortex  at 
azimuth  angle  V 

AF 

Thrust  of  rotor  blade  element 

eT(>  5) 

a. 

at) 

Rotor  blade  section  effective  angle  of  attack 

Local  induced  angle  of  attack 

F.M. 

Figure  of  merit  =  0.  798  “cp 

n 

Blade  angle  at  radius  r 

h 

Maximum  blade  profile  thickness 

o. 

Blade  angle  at  blade  root 

AL 

Lift  of  rotor  blade  element 

<S 

u 

«  arctan  - 

f.m 
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£  ■  arctan  cj /cq 

■&  Inflow  angle  ■  arctan 

Xd  nondimensional  velocity  through  rotor 

plane  «  Vd  /v. 

Xj  nondimensional  rate  of  descent  =  V/v, 


3  density  of  air 

30  sea  level  standard  density 

6  ■  S'S. 

V  Azimuth  angle 

at  Blade  rotational  speed  »  — w-g,g  — ^ 


1.  HOVERING  AND  ASCENDING  ROTOR 
(Helicopter,  propeller) 

This  part,  which  is  applicable  to  propellers  and  helicopter  rotors,  is  valid  in  the  whole  positive 
advance  ratio  range  over  hovering  flight  up  to  very  small  negative  values.  The  method  is  a  vortex-line- 
blade-element-theory  with  vortex  wake  sheets  of  every  blade  consisting  of  serveral  discrete  vortices  formed 
by  straight  line  segments. 

Especially  for  small  advance  ratios  the  blades  of  a  rotor  nre  operating  in  the  vicinity  of  the  wakes 
of  the  preceding  blades,  therefore  a  knowledge  of  the  shape  of  this  wakes  is  necessary  to  calculate  the  In¬ 
flow  and  forces  of  the  rotor.  This  is  possible  by  the  free -wake -analysis.  But  in  this  case  no  use  was  made 
of  it,  because  the  calculation  time  would  be  too  high  and  because  the  aim  of  this  study  was  the  ability  to  take 
into  account  different  conditions  at  the  blade  tips,  as  different  blade  tip  shapes,  radial  blowing,  tip  jot  drive. 

1.1  THE  CALCULATION  METHOD 


The  basic  shape  of  the  blade  wake  vortex  moael  is  seen  in  Fig.  1.  In  the  weakly  loaded  case  the 
shed  vorticity  dissipates  early,  therefore  the  relatively  short  blade  wakes.  In  the  heavily  loaded  case,  a 
rolling  up  of  the  vortex  sheets  takes  place  in  general.  But  this  process  and  the  behaviour  of  the  tip  vortex 
is  mainly  a  function  of  rotor  geometry.  This  is  shown  by  investigations  in  Ref.  1  and  in  Fig.  2. 


Preliminary  flow  visualisations  in  the 
Dornier  water  channel  (Ref.  7)  also  showed  speci¬ 
fic  modifications  of  the  tip  vortex  of  a  half  wing 
model  when  altering  the  geometric  wing  tip  shape. 
The  main  trends  are  also  shown  in  Fig.  2:  stream- 
wise  outer  edges  produce  a  high  intensity  tip  vor¬ 
tex  with  small  diameter.  A  drooped  tip  moves 
this  vortex  further  outward  than  the  not  drooped 
case.  Decreasing  tip  leading  edge  sweep-back 
below  a  certain  limiting  value  (*60°)  causes  a 
decrease  in  tip  vortex  intensity  and  an  increase 
in  diameter.  A  pointed  blade  tip  with  30°  sweep- 
back  showed  no  tip  vortex,  (compare  with  Ref.  11 
for  force  measurements) 

Observations  described  in  Ref.  4  and 
also  those  of  Dornier  tip  jet  driven  test  rotors 
indicate,  that  the  tip  vortex  follows  the  tip  jet  but 
dissipates  early  due  to  strong  jet  turbulence 
(Fig.  2). 


On  this  basis  a  method  was  developed 
in  which  the  geometric  shape  of  the  tip  vortex  and 
his  length  up  to  dissipation  was  prescribed  accor¬ 
ding  to  the  geometric  properties  of  the  rotor.  Also 
the  length  of  the  several  blade  wakes  up  to  rolling 
up  is  prescribed.  The  radial  contraction  of  all 
elemental  vortices  in  these  wakes  is  assumed  to 
be  proportional  to  that  of  the  tip  vortex. 

The  axial  position  of  the  wake  vortices 
however  and  consecutively  the  inflow  angle  and 
downwash  distribution  is  found  iteratively  as  the 
result  of  the  induction  of  all  vortices.  The  flow 
diagram  of  the  computer  program  is  seen  in  Fig  0. 
An  average  example  consumes  about  15  sec  CPU- 
time  on  an  IBM/370-155  computer. 

FIG.  0 

FLOW  DIAGRAM  OF  COMPUTER 

PROGRAM 
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1.2  CALCULATED  EXAMPLES 

The  first  example  le  the  initial  XC-142A  propeller  as  shown  in  Fig.  3.  According  to  Ref.  2  an 
extensive  propeller  research  program  was  conducted  because  of  the  obvious  static  performance  thrust  de¬ 
ficiency  encountered  during  flight  tests.  This  case  seemed  to  be  of  interest  to  check  the  present  method. 
Because  of  the  oncertainty  concerning  the  drag-rise  Mach  number  of  the  blade  tip  profiles  two  limiting  va¬ 
lues  were  taken.  The  measured  values  lie  well  between  the  calculated  curves  especially  in  the  heavily  loaded 
case. 

In  Fig.  4  the  calculated  performance  of  the  original  C-160  Transall  propeller  is  seen.  Measure¬ 
ments  were  not  available,  therefore  a  comparison  with  the  brochure  (Ref.  9)  is  made.  The  take-off  perfor¬ 
mance  according  to  the  present  method  also  shows  a  disagreement  with  Ref.  9  in  the  low-velocity  and  static 
case.  This  may  be  due  to  the  strong  blade-vortex  interaction  and  the  partly  separated  flow  which  is  indicated 
by  the  thrust  capacity  in  Fig.  4. 

Fig,  5  shows  the  results  of  an  alternative  wood  propeller  design  with  several  blade  tip  modifica¬ 
tions  which  was  chosen  on  account  of  structural  reasons  (Ref.  10).  Measurements  are  not  available  because 
these  results  were  used  to  modify  the  design.  In  the  low  speed  range  the  propeller  with  swept  tips  shows  the 
best  performance. 

As  a  final  example,  a  Dornier  tip-jet  driven  test  rotor  was  chosen.  In  Fig.  6  the  calculated  down- 
wash  distribution  in  the  rotorplane  is  compared  with  experiment.  It  can  be  concluded  that  the  vortex  model 
works  also  in  this  case.  The  measured  rotor  thrust  in  Fig.  7  however  is  higher  than  predicted.  Possibly 
this  is  the  influence  of  the  dam  surrounding  the  test  rig.  (Ref.  3).  Further  studies  of  thiB  effect  are  running 
now. 

2.  DESCENDING  ROTOR 
(Recovery  Rotor) 

The  second  part  deals  with  the  powered  descending  rotor  -  not  with  the  windmill  -  for  the  aim  of 
the  present  study  was  the  calculation  of  a  recovery  rotor.  Considering  the  complicated  flow  field  of  a  des¬ 
cending  rotor  with  extensive  regions  of  separated  flow  (Fig.  8)  a  vortex  theory  seemed  not  to  be  valid. 
Therefore  a  special  blade-element-momentum  theory  was  developed. 

2.1  THE  IDEAL  DESCENDING  ROTOR 

Fig.  9  shows  the  ideal  descending  rotor  according  to  momentum  theory  in  terms  of  nondimensio- 
nal  flow  through  the  rotor  plane  against  nondimensional  sink  rate.  The  theoretical  flow  fields  are  outlined 
together  with  a  band  of  measurements.  To  describe  these  better,  the  following  approach  has  been  done: 

2.2  FAST  POWERED  DESCENT 

In  this  case  the  flow  through  the  rotor  plane  is  reverse,  high  angles  of  attack  occur  at  the  bla¬ 
des,  and  cause  separated  flow  with  constant  pressure  coefficient  as  depicted  in  Fig.  10.  This  flow  is  des¬ 
cribed  by  Eq.  (5)  which  is  also  shown  in  Fig.  10,  This  equation  leads  to  an  ideal  autorotation  point  at  3Z  =2. 
The  rotor  thrust  in  this  case  equals  5  /'?.  ICR*  V*with  atmospheric  pressure  in  the  rotor  wake  according  to 
Eq.(4).  That  means  the  rotor  acts  like  an  impermeable  disc  with  the  drag  coefficient  1.0.  In  order  to  make 
a  more  realistic  approach  with  the  actual  disc  drag  coefficient  the  modification  according  to  Eq.  (6)  has  been 
introduced  (Fig.  10  and  11).  This  model  represents  a  decreasing  portion  fo  the  impermeable  rotor  area, 
when  the  sink  rate  is  increased.  Beyond  the  sinkrate  of  2.  3  the  flow  through  the  whole  rotor  plane  is  again 
fully  reverse. 

Eq.  (6)  can  not  be  solved  for  the  result  must  be  compatible  with  the  blade-element  representation 
according  Eq.(7)  in  Fig.  11.  The  final  solution  of  Eq.(8)  is  found  iteratively. 

2.3  THE  VORTEX  RING  STATE 

If  the  sink  rate  is  decreased  below  the  ideal  autorotation  value  (Az=l.  768)  the  vortex  ring  state 
is  entered.  To  calculate  this  flow,  the  approach  of  Ref.  5  was  modified  (Fig.  12).  The  basic  considera¬ 
tions  are  as  follows:  The  wake  of  a  descending  rotor  behaves  like  a  free  jet.  The  area  HIJ  in  Fig.  12  re¬ 
presents  the  loss  free  jet  core.  In  the  outside  of  line  IJ  the  mixing  zone  begins  with  a  practically  constant 
static  pressure.  On  the  line  IK  there  exists  no  axial  velocity.  Because  this  line  contains  the  stagnation 
point  of  the  onset  flow  it  can  be  concluded  that  the  static  pressure  there  equals  the  total  head  of  the  onset 
flow.  Experiments  confirm  this.  Therefore  the  energy  theorem  can  be  written  in  the  form  given  in  Fig.  12. 
Again  momentum  theory  and  blade-element  theory  must  be  in  accordance  and  Kq .(11)  is  solved  iteratively. 

But  a  solution  over  the  whole  rotor  disc  area  is  found  only  in  the  static  case.  With  increasing  sink  rate 
there  exists  an  increasing  rotor  disc  area,  where  Eq.  (11)  has  no  solution  and  when  the  ideal  autorotation 
is  reached  there  is  no  solution  at  all.  This  undefined  rotor  area  is  again  replaced  by  a  corresponding  im¬ 
permeable  disc,  so  the  flow  field  is  similar  to  that  depicted  in  Fig.  12. 
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2.4  CALCULATED  EXAMPLES 

The  calculated  performance  of  a  recovery  rotor  in  the  region  of  high  sink  rates  is  given  in  Fig.  13. 
With  the  aid  of  results  like  this  it  is  possible  to  establish  a  pitch  schedule  for  a  transition  with  constant 
power  and  RPM.  A  comparison  with  experiment  throughout  the  whole  transition  range  is  shown  in  Fig.  14, 
which  represents  a  quasi -stationary  transition  at  a  fixed  pitch.  Measured  and  calculated  thrust  and  power 
agree  fairly  well  from  the  vortex  ring  state  up  to  a  certain  sink  rate  well  beyond  the  ideal  autorotation. 

Above  this  sink  rate,  however,  the  measured  thrust  is  higher  and  the  measured  power  is  lower  than  the 
calculated  values. 

This  behaviour  cannot  be  explained  by  a  lower  than  atmoshperlc  pressure  in  the  rotor  wake  using 
Eq.  (4)  nor  with  the  blade  profile  polar  curves  according  to  twodimensional  measurement. 

But  from  preliminary  flow  visualisations  according  Fig.  15  there  is  some  evidence  for  the  exi¬ 
stence  of  free  vortices  along  the  blade  upper  surfaces,  which  can  in  fact  alter  the  twodimensional  profile 
characteristics  in  a  favourable  direction.  Fig.  15  gives  also  an  impression  of  the  selected  layout  of  the 
recovery  rotor.  In  the  cruise  condition  the  rotor  is  locked  and  operates  as  an  empennage.  For  transition 
it  is  converted  into  a  rotor  with  increased  diameter  due  to  the  centrifugal  force. 
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THE  DEVELOPMENT  OF  AN  EFFICIENT  HOVERING 
PROPELLER/ ROTOR  PERFORMANCE 
PREDICTION  METHOD 


by 


D.C.  Gilmore**  and  I.S.  Gartshore*** 


SUMMARY 


This  paper  describ.  s  the  development  of  a  method  for  predicting  the 
performance  of  heavily  loaded  propellers  and  rotors  in  steady  hovering  flight. 
The  method  has  two  particularly  useful  characteristics:  1)  certain  simplifying 
assumptions  which  allow  consistency  In  the  analytical  model  to  be  achieved  with 
only  a  few  small  scale  Iterations  and  2)  a  need  for  only  a  part  of  the  wake  to 
be  specified. 


The  analytical  model,  built  up  from  three  basic  elements,  Includes  a 
single  vortex  filament  shed  from  the  tip  of  each  blade,  a  vortex  sheet  shed  Inboard 
of  the  point  of  maximum  bound  circulation  on  each  blade,  and  an  outboard  sheet  rolling 
up  to  form  the  tip  vortex  at  an  arbitrary  angle. 


Roll-up  angle  affects  the  circumferential  variation  of  Induced  velocity 
components  but  not  their  mean  values.  Application  of  the  method  to  three  propellers 
shows  that  accuracy  of  results  Is  dependent  upon  realism  of  the  assumed  wake 
geometry. 


The  conceptual  simplicity  of  the  method  and  speed  of  computation  make  It 
a  potentially  useful  tool. 
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Notation 


SYMBOL 

DESCRIPTION 

UNITS 

A 

Constant  ■  1//  2  “  ,7071 

*Z 

Ultimate  Wake  Axial  Velocity  Influence  factor 

b 

Blade  Chord/Radlua  Ratio 

B 

Number  of  Blades 

C 

Tip  Vortex  Radial  Contraction  Dlstance/R^p 

Cd 

Local  Drag  Coefficient  *  D/  l/2pn2l  .  ” 

C1 

Local  Lift  Coefficient  ■  L/  l/2pn\s, 

Cp,CPW 

3  5 

Paver  Coefficient  ■  Power/pn  D 

CT 

2  4 

Thrust  Coefficient  “  Thruat/pn  D 

cr 

Circulation  Strength  Coefficient  ■  1  x  bCju 

4nA  ~2 

D 

Diameter  of  Propeller 

el 

Core  Radius  of  Rolled-Up  Tip  Vortex  and  Inboard 
Sheet/R^pA 

e3 

Core  Radius  of  Outboard  Sheet  FI  1  ament s/R^pA 

F 

Azimuth  Angle  _  2r/B 

Radian 

F.M. 

Figure  of  Merit  -  .798  C^2/^ 

k  i  |  k-2 

Wake  Pitch  dZ/di|i,k^  is  used  for  0  F 

and  k2  for  i|j>F 

Radians 

pi 

Distance  Between  Element  of  Vortlclty  and  Point 
of  Interest  In  Flow  Field 

Ft 

R 

i 

Radius,  Distance  to  Radial  Station 

Ft 

u 

Total  Velocity/ARTIp 

V 

Induced  velocity,  also  rotational  velocity  at  R 

Ft/sec. 

V 

Non-dimensional  Induced  Velocity  ■  V/AR^p 

v' 

Influence  Coefficient  in  Blot-Savart  Law 

*>r 

Non-dimensional  Radial  Position  «  R/Rj,lp 
also  Cartesian  Coordinate 

y 

Non-Dimensional  Cartesian  Coordinate 

z 

Non-Dimensional  Axial  Coordinate  Used  In 

Cartesian  and  Polar  Coordinate  Systems 

GREEK 

®  •  75 

Geometric  Blade  Angle  at  x  •  .75 

r 

2  2 

Circulation  Strength  «  4ttA  flR^pCj, 

Ft2/sec. 

X 

Radial  Contraction  Rate 

Rad.-1 

♦ 

-1  2  2  2  1/2 
Induced  Angle  ■  tan  (V^/r  11  +  V  tan)  '  ) 

azimuth  Angle  Measured  From  Lifting  Line 

Radians 

Rotational  Speed 


n 


Rad. /sec 


SUBSCRIPTS 

Outboard  Sheet  Fllaaent 
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1.  Introduction 


Work  In  the  laat  decade  on  hel.copter  end  V/STOL  aircraft  haa  eaphaalxed 
the  need  for  detailed  Information  on  propellera  or  rotora  at  an  early  atage  In 
design.  While  aathoda  have  been  available  to  treat  high  advance  ratio  flight 
conditions  (see  ref.  1  to  11),  as  foixtd  In  conventional  propeller  driven  aircraft, 
the  static  thrust  case  and  the  low  advance  ratio  condition  (with  either  axial  or 
oblique  Inflow)  heve  very  few  design  nethods  which  allow  prsdlctlons  of  detailed 
loedlng  distributions  to  be  nsde.  The  work  described  In  this  paper  Is  alnsd  at 
the  development  and  critical  assessment  of  nethods  capeble  of  predicting  the 
perforaance  of  heavily  loaded  propellers  snd  rotors  In  stesdy  hovering  flight. 

The  need  for  accuracy  In  calculations  of  VTOL  rotor  performance  can  be 
eaphaalxed  by  noting  that  a  IX  change  In  the  lifting  capeblllty  of  a  rotor,  at  a 
given  power  Input,  nay  nean  a  10Z  change  In  payload  for  the  aircraft,  and  perhaps 
the  difference  between  profitable  and  rnprofl table  flight  operation.  A  complete 
analytical  prediction  would  also  allow  for  an  optlnlsatlon  of  the  blade  geonstry 
and  operating  conditions  for  a  given  aission  requlreaent. 

A  review  by  the  authors  shows  that  analytical  nethods  can  be  claaeed  In  one 
of  three  categories:  1)  single  point,  2)  potential  theory  of  rigid  eheers,  and 
3)  finite  eleaent  vortex  theories.  All  nethods  aust  have  as  their  fimdsnental 
eln  the  prediction  of  flow  conditions  at  the  blade  and  a  aeans  of  relating  these  to 
the  load  carried.  Moreover,  ell  aust  maintain  consistency  between  conditions  In  the 
wake  and  those  on  the  blade  -  this  la  the  basic  consistency  relation. 

Single  point  methods  (1  to  7)  require  that  one  representetlve  condition 
on  the  blade  be  related  to  a  corresponding  condition  In  the  wake  (typically  velocity 
at  a  particular  radius  or  mean  velocity  over  the  radius  (13)  neglecting  the  asl- 
authal  variation  of  velocity) .  A  wide  variation  In  perforaance  predicted  froa 
these  Is  possible  as  shown  in  Figure  1. 

Derivatives  of  theories  (10,  11)  In  which  the  wake  produced  by  a  propeller 
In  forward  flight  foras  a  rigid  helical  screw  surface  are  classed  In  the  second 
category.  These  offer  a  aore  realistic  picture  In  that  they  account  for  a  finite 
mater  of  blades  and  maintain  precisely  the  consistency  between  the  assuaed  wake 
and  blade  loading  but  place  restrictions  on  the  velocity  variations.  The  assum¬ 
ption  of  a  rigid  screw  surface  wake  follows  froa  the  Betx  solution  (13)  to  the 
p rob lea  of  the  wake  produced  by  a  propeller  with  a  alnlaum  energy  loss  In  forward 
flight  (l.e.  the  optimum  propeller).  Application  of  the  foregoing  methods  has 
indicated  (17)  that  they  are  In  generel  inaccurate  and  Incapable  of  giving  detailed 
loading  information  at  low  advance  ratios,  a  flow  region,  admittedly,  for  which 
they  were  not  designed.  See,  for  exaaple.  Figure  2. 

Recent  efforts  to  dsvelop  theories  applicable  to  low  advance  ratio  operation 
of  propellers  snd  rotors  have  centred  around  Increasing  the  eccurscy  in  the  modelling 
of  propeller  and  wake.  Flow  visualization  by  Gray  (12),  Valensl  (18)  and  lately  by 
Adaas  (19)  and  Tanner  (20)  has  revealed  two  basic  features  of  the  wake:  a)  the 
tip  vortex  shed  froa  the  blade  near  the  tip  which  rolls  up  quickly  snd  b)  an  Inboard 
sheet  with  vortlcity  opposite  in  sense  to  that  of  the  tip  vortex  and  exhibiting  no 
roll-up.  Methods  which  Include  these  flow  features  are  grouped  into  the  third 
category-finite  eleaent  vortex  theories.  Here  a  further  classification  of  asthods 
can  be  aade  according  to  the  aaount  of  decoupling  between  blade  loading  and  wake 
strength.  Decoupling  enables  the  consistency  relation  to  be  satisfied  eaplrlcally 
and  Is  used  to  reduce  the  magnitude  of  the  computational  effort. 
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The  lease  decoupling  is  evidenced  in  aethods  (21,  22  and  23)  in  which  the 
wake  is  allowed  to  align  Itself  everywhere  with  the  local  flow.  These  produce  the 
most  consistent  solutions  and  are  capable  sf  useful  accuracy  but  at  the  expense  of 
high  computation  tines.  At  the  other  ext  came  (24,  25,  32),  aethods  exist  in  which 
the  wake  is  coapletely  specified.  These  are  useful  if  the  wake  geoaetry  of  an 
unknown  design  can  be  predicted  reasonably  well  in  advance.  In  between,  are  methods 
like  (26)  and  (27).  The  foraer  is  concerned  with  comparing  flew  fields  of  a  rotor 
in  and  out  of  ground  effect  while  the  latter  can  usefully  predict  only  the  inboard 
flow  condition  (0.30  <  R/K,  <0.75).  Erickson  (14,  28)  tried  with  aoderate  success 
to  use  a  continuous  vortex  sheet  for  the  wake  froa  each  blade  which  could  distort 
itself  into  align aent  with  the  local  flow  within  a  specified  axial  variation  of 
induced  velocity.  Gray  (12)  and  later  Cartshore  (29)  and  Gilaore  (31)  using 
assuaptlona  broadly  based  on  flow  visualisation  have  developed  a  method  In  which 
the  wake  is  partly  decoupled  -  part  of  the  wake  is  specified  and  the  remainder  is 
calculated. 

A  review,  extension  and  evaluation  of  the  present  authors'  partly  decoupled 
model  is  given  in  later  sections  of  this  paper.  In  assessing  the  accuracy  of  the 
analytic  models  and  assusq>tlons,  it  is  necessary  to  have  accurate  measurements  of 
the  mean  and  Instantaneous  velocities  close  to  one  or  more  propellers.  These  can 
be  converted  to  local  blade  loadings  using  well-known  strip  theory,  although  the  use 
of  strip  theory  with  two-dimensional  aerofoil  data  is  Itself  somewhat  uncertain. 

An  overall  check  on  the  accuracy  can  be  made  by  measuring  the  total  thrust  and 
torque  on  the  propeller  and  comparing  these  with  Integrated  values  of  blade  loadings 
calculated  froa  aeaaured  Inflow  velocities. 


Measurements  of  velocity  near  five  propellers  were  used  to  evaluate  the 
analy; lc  prediction  aethods.  In  the  case  of  the  first  three,  designated  as  1967, 
1968  and  HSD-9  propellers,  mean  velocities  (averaged  drcuaferentlally)  were 
aeaaured  at  specified  points  in  the  propeller  flowfleld  using  a  tuft  to  indicate 
direction  and  a  pitot  tube  to  measure  velocity  magnitude.  Interpolation  of  measured 
values  then  gave  the  velocity  components  in  the  propeller  plane.  This  process  is 
called  a  "flow  survsy".  In  addlclon,  the  introduction  of  smoke  into  the  flow  used 
with  stroboscopic  lighting,  provides  visualisation  of  the  region  near  the  propeller. 
For  the  remaining  two  propellers,  direct  measurements  of  the  Instantaneous  velocity 
were  made  near  the  propeller  plane  using  a  single  hot  wire  anemometer  (30).  The 
azimuthal  variation  of  each  velocity  component  was  obtained  from  the  measurements , 
to  provide  a  further  comparison  with  the  results  from  the  vortex  wake  models. 

2.0  The  Vortex  Wake  Model 


This  section  describes  the  vortex  wake  models  developed  by  the  present  authors 
and  the  calculation  procedures  which  were  used  to  predict  performance  of  static  thrust 
propellers.  Three  related  models  have  been  teated,  as  illustrated  in  figure  3:  (a) 
the  "simple"  model  in  which  each  blade  (repreaented  by  a  lifting  line)  is  assumed 
to  shed  a  single  vortex  filament  from  the  tip;  (b)  the  simple  model  to  which  has 
been  added  an  inboard  vortex  sheet  shed  from  each  blade  at  radii  less  thsn  that 
where  the  maximum  bound  circulation  occurs;  and  (c)  a  model  in  which  each  blade 
(again  represented  by  a  lifting  line)  sheds  sn  Inboard  vortex  sheet  and  an  outboard 
vortex  sheet  which  rolls  up  rapidly  to  form  a  tip  vortex.  The  last  model  allows 
roll-up  distance  to  be  specified  sad  the  outboard  sheet  strength  to  be  made  consis¬ 
tent  with  the  associated  bound  vortex  strength  at  the  blade. 

While  Cartshore  (16)  Included  an  Inboard  sheet  representstlon  i  i  his  original 
modal.  Its  effset  upon  the  Induced  field  in  relation  to  the  tip  vortex  only  was 
unknown.  Calculations  carried  out  by  Clark  and  Lelper  (22)  on  hoverlni,  helicopter 
rotors  had  suggested  that  the  effect  of  the  inboard  sheet  might  be  larje  under 
certain  blade  loading  conditions.  In  addition,  the  neglect  of  the  rolling  up  pro¬ 
cess  in  modelling  the  tip  vortex  of  (16)  was  believed  partly  responsible  for  less 
than  satisfactory  agreement  between  measured  and  predicted  performance. 

The  three  basic  wake  features  of  the  present  authors'  model,  tip  vortex. 

Inboard  vortex  sheet  and  outboard  vortex  sheet,  are  deacrlbed  below. 


2.1  The  Tip  Vortex 

The  tip  vortex  in  the  weke  of  a  static  thrust  propeller  can  often  be  observed. 
Froa  visualisation  using  smoke  and  stroboscopic  lighting  its  position  may  be  approx¬ 
imately  determined  and  repreaented  by  expressions  of  the  form: 

Ro  *  Rnr  (*+C  (l) 


Ji. 


Rn.  k«M.) 


(2) 


\ 
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where: 


Hfa  m  azimuth  angle  defined  as  In  Figure  9  with  respect  to 

coordinates  fixed  In  space  but  Instantaneously  coincident 
with  the  blade  plane  such  that  “  0  is  along  the  quar¬ 
ter  chord  of  one  blade. 

R-f-fp  •  blade  radius 

A,C,X  "  constants 

lc  ■  axial  displacement  function 

2S  -  axial  distance  downstream 

The  tip  vortex  will  have  a  constant  strength  If  roll-up  Is  not  represented 
explicitly;  Its  strength  will  vary  If  roll-up  of  the  outboard  vortex  aheet  Is 
represented.  The  value  of  K  appears  to  be  approximately  constant  for  Qf0  ) 
where  B  is  the  maber  of  blrdes.  After  studying  the  flow  visualisation  pictures 
for  one  propeller,  the  following  form  for  K  was  assumed: 

k  -  k2  (  V.  /[2n/B])2  for  t|t.  4  2"/B 
k«  kz  for  V.  >2*/B 


The  reasons  for  choosing  this  form  will  be  discussed  later. 

The  tip  vortex  core,  an  often  elusive  quantity  which  la  necessary  to  disguise 
one  shortcoming  of  potential  wake  models  Is  discussed  In  detail  In  (16).  It  Is  pos¬ 
sible  that  this  vortex  core  does  not  represent  a  real  region  which  night  be  observe^ 
but  rather  denotes  a  region  In  which  the  potential  model  la  grossly  Inaccurate.  As 
such  It  should  be  considered  as  an  empirical  quantity,  to  be  given  a  value  which  pro¬ 
vides  t'-.e  most  realistic  results.  As  a  general  rule  It  appears  plausible  that  the 
tip  vortex  core  be  about  equal  to  the  chord  of  the  blade  creating  the  tip  vortex. 

This  is  not  unreasonable  since  no  lifting  line  theory  representing  the  blade  Itself 
la  likely  to  provide  accurate  information  about  the  velocities  In  the  wake  less 
than  one  chord  from  the  lifting  line. 

The  strength  of  the  tip  vortex,  once  It  la  completely  rolled  up,  has  been 
made  equal  to  the  maximum  bound  circulation  on  the  blades.  This  assumption  was 
suggested  by  Gray  (12)  and  is  an  extension  of  the  usual  lifting  line  theory  of 
wings  to  the  propeller  case.  No  easy  way  of  checking  this  assumption  can  be  found; 

It  is  convenient  and  plausible  however. 

2.2  The  Inboard  Sheet 


The  second  major  feature  of  the  wake  of  a  propeller  Is  the  Inboard  vortex 
sheet.  Vortldty  shed  Inboard  of  the  point  of  maximum  bound  circulation  composes 
the  sheet  which,  by  contrest  to  the  tip  vortldty,  does  not  roll  up  and  Is  generally 
weaker  In  strength.  The  sheet  Is  represented  In  the  model  by  a  number  of  discrete 
vortex  lines  or  filaments.  Assuming  the  effect  of  the  sheet  to  be  small  its  posi¬ 
tion  In  space  has  been  fixed  rather  less  exactly  than  was  the  case  for  the  tip 
vortex.  The  position  of  a  filament  which  was  shed  at  R  •  r-  R- TIP  Is: 

Rf-rRTlp(A+CeX9tE')J  <4> 

where 

*4  •  axial  position  of  the  filament 

-  Rt.p  r  kdOdY. 

J0 

“  value  of  (|)  which  makes  filaments  at  lie  at  the  same 
relative  radial  positions  as  those  at  which  they  were  shed. 

-  «T.P 

kf  ■  pitch  of  filaments  “  constant.  Presumably  kf  varies 
for  small  . 

Following  Gray's  assumption  (12)  for  the  tip  vortex,  considered  here  to  be 
somewhat  too  crude  for  the  tip  vortex  but  hopefully  accurate  enough  for  the  Inboard 
filaments  representing  the  Inboard  vortex  aheet,  we  assume: 

k  f  -  kf  •  const,  for 

“  2k,  for  >  2  n/& 
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Again,  a  vorCex  core  must  be  assumed  for  the  filaments  representing  the 
Inboard  vortex  sheet,  and  again  a  value  roughly  equal  to  the  mean  chord  of  the  blade 
appears  appropriate. 

2.3  Outboard  Vortex  Sheet 


The  vortlcity  which  rolls  up  into  the  tip  vortex  must  clearly  be  shed  as  a 
sheet;  however,  little  Is  known  about  the  roll-up  process.  Flow  visualization 
pictures  suggest  that  roll-up  occurs  close  to  the  blade. 

For  computational  simplicity  the  following  assumptions  were  made:  that  the 
sheet  can  be  represented  by  discrete  filaments,  and  that  vortlcity  shed  from  the 
blade  outboard  of  the  point  of  maximum  bound  circulation  moves  downstream  with  a 
characteristic  radial  contraction  (outwards)  until  it  meets  the  tip  vortex.  The 
characteristic  contraction  is  equal  to  that  of  the  most  Inboard  filament,  of  the 
outboard  sheet,  which  muse  intersect  the  tip  vortex  at  a  specified  azimuth  angle 
(the  roll-up  angle).  Each  filament  upon  meeting  the  tip  vortex  combines  with  it, 
changing  the  strength  of  the  tip  vortex.  The  position  of  an  outboard  sheet 
filament  is: 


“  re  Rtip  (  A  +  C  e  *  )  (5) 

If  the  filament  intersects  the  tip  vortex  at  R-  l|)_  then 

in  >  r 


where : 


roll-up  rate  (characteristic  contraction)  of  outboard  sheet 
filament  (rad_l) 


4V  ■  Roll-up  angle  -  rad. 


nem  -  radius  at  which  most  inboard  filament  Joins  tip  vortex 

r-  «  radius  at  which  most  inboard  filament  is  shed  from  lifting 
line. 


As  roll-up  angle  decreases,  the  outboard  filaments  become  more  radially 
oriented  and  ultimately  coincide  with  the  bound  vortex  or  lifting  line  when  *j>r  *  0. 
This  causes  the  effect  of  the  outboard  sheet  to  decrease  and  the  model  to  approach 
the  simpler  lifting  line  and  tip  vortex  representation.  Various  values  of  vortex 
core  size  for  the  filaments  of  the  outboard  vortex  sheet  have  been  tried  but, 
again,  a  value  of  this  quantity  roughly  equal  to  the  blade  chord  is  appropriate. 

In  the  calculation  of  the  outboard  vortex  sheet  position  and  effect,  the  tangential 
induced  velocity  Vift  was  neglected  by  comparison  with  the  blade  rotational  velocity. 
This  assumption  could  easily  be  improved,  if  required. 

2.4  Basic  Equations 

The  flow  field  is  assumed  to  be  potential,  satisfying  La  Place's  Equation 
in  three  dimensions  so  that  the  influence  of  vortex  element?  in  the  field  can  be 
superposed.  Once  the  geometry  and  strength  of  the  trailing  vortex  filaments  are 
known,  the  velocities  at  any  point  in  the  flow  field  can  be  calculated.  In 
representing  the  vortex  sheets,  the  filament  circulation  strengths  are  made  equal 
to  the  difference  in  bound  circulation  on  the  lifting  line  between  the  shedding 
radial  station  and  the  next  outboard  station  where  the  next  filament  is  shed. 

Using  the  assumption  of  two-dimensionality  at  each  radial  station,  the  bound 
circulation  from  the  Kutta-Joukowski  rule  is: 


r. 


-J_  .  b  Cl  U 

4ttA  2 


(7) 


*  bound  circulation  at  radius  r 
b  -  chord  to  radius  ratio 
Ct  “  local  lift  coefficient 
Cl  "  local  total  velocity  »  £  Vi 


(Ra*xrw)  •jVilR 


g  iii'irrt  iftjfafrihiUrtiiV-’ v 


-•'nil 


ML 
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Considering  a  tip  vortex  element  of  circulation  strength  /"•  ,  a  velocity  is 
Induced  at  a  point  r,  IP  ,  X  as  given  by  the  Integral  form  of  the  Biot-Savart  law 
(see  ref.  16)  which  reduces  here  to: 

vr  -  r.  \  v;/p’d 
V,  -  r.  \  P?  <iv. 

where : 

Vr‘  m  V*  Cos  +  V/  5  in  4*0 

V,;  ~  -Vr’Sin  Ve  *  v;  Cos 

p,  -  [<x-».),*(y-y.)**(i-*.),‘e,]"t 

and: 

v;  - 

V¥‘  »  -d*«  (z-Z0)+  d*.  (*-Xe) 

y  d<P.  d4». 

v/2‘  -  -djf.  (x-x.)+ dx.  Cy-y.) 

dip,  d  4». 

From  equations  (1),  (2)  and  (3), 


x-xa  -  RCasV  -  RTip(A  +  Ca *9')Coslf0 
y-  y„  =  RSin  •P  -  RTip  (  A  ♦  C  e  ^  )S*n  V. 


Z  -  Zo  « 

z  -  kzRrir  .  V* 

for  ^  Z*/B 

F"5  3 

i  z  -  kj  RTip 

V.  >  Zir/B 

6*o  m  “ 

■  A  Rrjp  ( 5  in  4*0  + 

X(  R»  -  /IcosiF. 

alp. 

VARTI„ 

'  A  RTip  / 

d_Y©  s 

6  Vo 

A  R™  (  A  Rt.p  CO*  ^ 

-Hj&r  <)5'”V 

Jz.  .  ] 

[  kt  Rtip  [^/f  )Z 

for  Z*/B 

| 

!  ^z^rip 

<|>,  >  z^/b 

Similar  equations  apply  for  the  filaments  representing  the  vortex  sheets, 
the  changes  occuring  only  in  the  geometry  of  the  filaments. 

Numerical  techniques  were  applied  in  the  solution  of  equations  (8)  and  the 
simplifications  which  were  used  in  their  application  are  described  in  the  next  section. 

2.5  Approximations  Used 

In  spite  of  the  close  specification  of  the  wake  by  equations  (1)  to  (6)  it 
is  not  complete  and  several  "free"  constants  remain  to  be  fixed:  A,  C,  k,  ,kt,X 

Since  the  tip  vortex  is  assumed  to  leave  the  blade  tip, 

A  +  C  -  1  (9) 

and  from  simple  momentum  models  for  propellers, 

A  -  1//T 

These  assumptions  are  made,  leaving  k^,  k^  and  X  to  be  determined. 
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If  one  considers  only  the  ultimate  wake*t  far  from  the  propeller,  the  tip 
vortex  has  a  helical  shape  of  constant  pitch  and  radius.  Since  the  tip  vortex  Is 
the  dominant  feature  In  the  flow  field,  In  the  ultimate  wake  at  least,  we  assume  that 
It  is  the  only  part  of  the  wake  affecting  Its  own  position  and  motion.  On  this 
basis,  the  axial  velocity  of  the  helical  vortex  in  the  ultimate  wake  can  be  deter¬ 
mined  and  hence  its  pitch  can  be  found.  The  helix  angle  is  equal  to  where: 


<P,  -  Tan'  (  Vlo  /  (R0&  +  Vgi.))  (10) 


is  evaluated  for  Vo  “°  .  Here  V<p»  Is  the  velocity  of  the  filament  in  the 

direction  of  increasing  Ifl  ;  V<«  ,  the  velocity  of  the  filament  in  the  axial  direc¬ 

tion;  £L  ,  the  rotational  velocity  of  the  propeller,  and  AHj.jp,  the  radius  of 

the  tip  vortex  centreline  in  the  ultimate  wake.  Since  ■W  A  ■  tan  ,  from 
the  geometry  of  the  tip  vortex,  equation  (10)  allows  a  value  of  k2  to  be  calculated 
from  the  velocities  and  . 


In  a  similar  fashion  for  the  inboard  sheet  kj  may  be  found  by  calculating 
the  axial  and  tangential  velocities  in  the  ultimate  wake  at  a  radius  occupied  by 
one  of  the  filaments.  In  this  connection,  since  the  tangential  velocity  term  is 
always  small  compared  with R  Q  ,  this  part  of  the  expression  has  been  omitted,  leaving 


2k,RT1p  *  (v*)f 

n 


(ii) 


evaluated  where 


Vf 


—o~  oO 


To  evaluate  ( Vg  )^  ,  the  velocities  associated  with  or  induced  by  the  tip 

vortex  and  all  filaments  of  the  inboard  vortex  sheet  at  radii  larger  than  that  at 
which  the  one  in  question  lies,  are  added. 

The  omission  of  all  velocities  associated  with  filaments  inboard  of  the  one 
under  consideration  follows  the  observation  that  the  velocities  induced  by  a  helical 
vortex  are  usually  much  larger  insiae  the  helix  than  outside.  In  the  limit,  as  the 
helix  angle  decreases  to  zero,  this  solenoidal  approximation  becomes  exact,  since 
the  velocity  then  is  zero  outside  the  helix  while  it  is  non-zero  and  uniform  inside. 

The  one  remaining  constant  in  equations  (1),  (4)  and  (5),  X  ,  is  found  from 
the  variation  of  radial  position  of  the  tip  vortex  with  azimuth  angle  as  determined 
from  flow  visualization  pictures. 

Several  simplifications  of  the  numerical  procedure  were  used  to  shorten 
computing  time.  The  velocity  at  the  propeller  plane  associated  with  the  ultimate 
wake  tip  vortex  can  be  found  with  fair  accuracy  once  and  for  all,  by  the  following 
method.  Since  the  ultimate  wake  tip  vortex  is  a  regular  helix  of  constant  pitch 
and  radius  the  velocity  associated  with  it  will  be  nearly  proportional  to  the  cir¬ 
culation  strength  per  unit  length  of  cylinder.  This  would  be  exactly  true  for  an 
Infinite  length  of  closely  packed  vortex  rings,  that  is,  in  the  limit  when  the 
helix  angle  goes  to  zero.  Now  the  strength  per  unit  length  of  ore  helical  tip 


vortex  is 

dT0  _  To 

dz  {2*ART:p)Ji? 

A 

(12) 

where: 

H,  «  the  tip  vortex  strength 

ARw  radius  of  tip  vortex  in  the  ultimate  wake. 

If  the  velocities  Vz  are  found  for  the  tip  vortex  and  divided  by  r0/kz 
the  resulting  parameter 


A2  =  vz/(r0/k2)  d3) 

should  be  a  constant  for  a  fairly  wide  range  of  values  of  fo  and  k„,  provided  that  r, „ 
and  k^  are  consistent  with  each  other.  This  assumption  was  checked  for  values  of 
ranging  over  those  expected  in  propeller  calculations  and  was  found  to  be  reasonably 
correct (within  a  few  percent  in  velocity  Vz).  Since  the  contribution  to  total  Vz 

*  Sea  c.ommentB  in  section  3.0  and  3.4  on  the  measured  extent  of  the  organized  wake 
downstream  of  two  propellers. 


at  the  propeller  from  the  ultimate  wake  (say  for  t  ft  t  )  is  usually  about 

10Z  of  the  total,  this  error  Is  small.  Use  of  this  approximation  shortens  computing 
time  considerably.  V«p  cannot  be  found  In  this  way  with  comparable  accuracy  but  la 
small  In  any  case,  compared  with  ARfp. 

For  calculating  the  contribution  to  the  velocities  at  the  propeller  plane 
from  the  inboard  filaments  In  the  far  wake  an  identical  scheme  could  not  be  adopted, 
since  the  helix  angles  of  the  inboard  filaments  in  the  ultimate  wake  are  greater 
than  are  those  of  the  tip  vortex.  In  this  case  A  was  not  assumed  constant  but 
was  allowed  to  vary  with  helix  angle  of  the  vortex  filament.  It  was  assumed  con¬ 
stant  with  radius,  however,  an  assumption  which  when  checked  was  found  reasonably 
valid  inside  the  filament  helix  radius.  Again,  calculating  the  contribution  of 
the  vortex  filaments  In  the  ultimate  wake  to  velocities  at  the  propeller  plane  by 
this  method  reduces  computing  time  considerably. 

The  velocities  In  the  ultimate  wake  associated  with  either  the  tip  vortex  or 
the  Inboard  filaments  may  be  calculated,  once  and  for  all,  and  a  table  constructed 
of  values  of  Az  and  k^  for  this  case,  to  be  used  for  all  subsequent  calculations. 
This  was  done,  again  shortening  computer  time. 

2.6.1  Results  from  Flow  Visualization 


Since  the  tip  vortex  Is  considered  to  be  the  dominant  part  of  the  flow  field, 

It  Is  Important  to  locate  it  with  fair  accuracy.  To  do  this,  flow  visualization 
photographs  showing  the  vortex  position  for  various  blade  azimuth  angles  were  used 
to  plot  the  vortex  position.  Three  propellers  were  studied  and  are  discussed  below: 

1)  The  1967  propeller  (4  blades)  at  12*  and  14*  blade  angle  was  studied. 

The  tip  vortex  location  is  plotted  in  figures  (4a)  and  (4b)  as  R./Rt,P 
and  Z«,/RT,r  against  (|)a  . 

There  is  a  sudden  change  in  axial  location  of  the  vortex  when  It  passes 
beneath  the  next  blade  (  ipo  ^  90*).  There  appear  to  be  further  sudden 

Jumps,  of  lower  magnitude,  at  larger  angles  (about  230°  and  320°,  on  the 
$.75  ■  12°  survey). 

The  radial  contraction,  while  not  well  defined  by  the  points,  appears 
smooth.  The  tip  vortex  appears  to  stay  near  the  propeller  plane  for  the 
first  90°,  then  move  away  with  nearly  constant  helix  angle.  These 
observations  are  reasonably  well  fitted  by  the  equations  (1)  to  (3) 
which  are  also  represented  on  figures  (4a)  and  (4b). 

It  is  worth  noting  that  for  the  first  90°  the  tip  vortex  lies  less  than 
one-half  chord  length  below  the  propeller  plane.  This  distance  is  certainly 
smaller  than  that  for  which  lifting  line  theory  is  usually  employed  and 
provides  cause  for  skepticism  In  the  present  calculation. 

2)  Data  from  the  second  propeller  studied,  the  1968  propeller,  is  presented 
in  Figures  (5)  to  (8)  in  the  same  form  as  that  for  the  1967  propeller. 

The  original  version  of  the  1968  propeller,  the  'A',  at  the  12°  blade 
angle  is  shown  in  Figure  (5).  The  circled  points  follow  the  normal  radial 
contraction  envelope  shape  within  a  10Z  tolerance  band,  while  the  axial 
position  increases  gradually  for  ^  <  90°  and  then  abruptly  exhibits  a 
Jump  in  slope  for  90°  characteristic  of  four  bladed  propellers.  A 
larger  amount  of  scatter  about  the  usual  straight  line  variation  is 
evident  for  the  axial  position.  In  addition,  the  first  indication  of  a 
secondary,  weak  tip  vortex,  is  shown  by  the  crosses.  Extrapolation  of  these 
points  suggests  that  this  weak  vortex  is  shed  from  R/RjIp  “  0.88,  a  radius 
close  to  where  a  rather  large  change  in  slope  of  the  radial  distribution 
of  blade  angle  occurs.  The  axial  position  of  this  secondary  vortex  at 
any  azimuth  always  appears  to  be  downstream  of  the  strong  tip  vortex,  and 
follows  a  similar  variation. 

Data  from  the  "B"  version  of  the  1968  propeller  is  plotted  for  14°  and  17° 
blade  angle  in  Figures  6  and  7.  The  "B"  blade  geometry  is  noteworthy  in 
that  an  even  more  abrupt  slope  change  in  blade  angle  distribution  occurs 
for  .88  <  R/Rj,jp  <  0.90  than  in  the  "A"  version.  There  is  presumably 

some  correlation  between  the  blade  angle  distribution  and  the  double  tip 
vortex  feature,  in  view  of  the  large  undulations  of  both  tip  vortices 
radially  and  axially  in  Figure  6.  These  larger  positional  fluctuations 
imply  more  nearly  equal  strengths  of  the  two  vortices.  The  effect  of 
increasing  blade  angle  (or  C^,)  tends  to  reduce  the  undulation  amplitude, 

while  the  position  of  cross-over  of  both  radlcl  and  axial  coordinates 
does  not  appear  from  the  available  data  to  .how  any  consistent  variation 
with  blade  angle.  Due  to  dispersal  of  the  smoke  in  the  flow  visualization 
photos  it  is  difficult  to  obtain  data  on  the  secondary  vortex  for  $(>  90°. 
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3)  The  third  propeller  to  which  the  method  was  applied  was  the  HSD-9  propel¬ 
ler  at  12*  blade  angle.  The  data  from  this  propeller  is  plotted  in 
Figure  8.  Radial  contraction  and  axial  variation  of  the  tip  vortex 
position  show  no  unusual  properties. 

2.6.2  Evaluation  of  Free  Constants 


From  figures  4-8,  values  of  the  free  constant  X  were  chosen  to  represent  the 
three  propellers.  This  data  is  included  in  Table  (2-1).  A  simple  polynomial 
(cubic)  has  been  chosen  for  the  relation  between  Z»  and  for  F  and  a 
linear  relation  for  larger  Him  as  in  equation  (3).  The  relation  for  Z«  (i-t.te.) 

corresponding  to  H>0  <  F"  determines  how  far  the  tip  vortex  will  pass  under  the 
succeeding  blade.  The  actual  vortex  poslton  could  be  found  by  Iterative  pro¬ 
cedures,  but  such  refinements  are  probably  not  worthwhile  until  other  difficulties 
in  applying  the  method  are  overcome. 


Table  2-1 


j  Propeller 

X 

A 

C 

Zo  ! 

1967 

f  75 

-  12' 

0.40 

.707 

.293 

/.  Ttp  Vortex 

-  14° 

0.40 

.707 

.293 

kt(**/ f) 

5f.rl><F 

1968-A 

75 

-  12° 

0.48 

.707 

.283 

*?:  ■ 

*2 

4>.*F 

2.  Inboard  Vortices 

1968-B 

I  « 

-  14° 

0.51 

.707 

.273 

dzi 

kt/Z 

for  tp.<F 

-  17° 

0.53 

.707 

.293 

a?!  “ 

<2 

4>.*F 

HSD-9 

6  an 

-  12° 

0.50 

.707 

.293 

V  80 

chosen  in  program  | 

3.0  Results  and  Discussion 


3.1  Simplest  Model 

As  already  described,  the  simple  model  Incorporates  only  a  tip  vortex,  which 
leaves  the  blade  at  the  tip  and  whose  strength  is  equal  (within  22)  to  the  maximum 
bound  circulation  on  the  blade.  Conventional  airfoil  data  was  used  in  the  strip 
theory  necessary  for  converting  velocities  at  the  blade  to  forces  and  circulations 
on  the  blade.  A  constant  drag  coefficient  of  .01  was  used,  with  one  exception 
discussed  separately.  Before  discussing  the  final  results  for  forces.  Induced 
angles  etc.  on  the  blade,  two  particular  observations  are  relevant: 

i)  flow  visualization  pictures  do  not  show  vortices  downstream  of  about  Z/Rjjp  ■  .50, 
their  absence  being  consistent  in  all  pictures. 

ii)  flow  surveys  show  that  a  tangential  velocity  exists  behind  the  propeller  of 
significant  magnitude  (202  of  the  local  rotational  blade  velocity  for  small 
radii)  and  in  the  direction  of  rotation. 

The  first  of  these  observations  suggests  a  sudden  rapid  diffusion  of  tip 
vortices  at  some  strearawise  location.  This  may  be  due  to  vortex  bursting,  as 
suggested  by  some  authors  (34)  or  to  an  instability  of  the  helical  tip  vortices. 

The  latter  can  be  investigated  following  the  classical  work  of  Levy  and  Forsdyke  (35). 
They  showed  that  a  single  helical  vortex,  of  infinite  extent  in  both  directions  and 
having  a  core  radius  0.02  times  the  helix  radius,  was  unstable  to  small  disturbances 
for  helix  angles  less  than  about  tan-*  (0.3).  This  same  critical  helix  angle  also 
gave  the  condition  for  which  the  tangential  velocity  induced  by  the  helix  on  itself 
was  equal  to  zero,  although  Levy  and  Forsdyke  point  out  that  this  fact  may  not  be 
of  general  validity. 

If  we  assume  however  that  the  helix  angle  for  which  the  induced  tangential 
velocity  changes  sign  is  equal  or  near  to  that  value  for  which  neutral  stability 
occurs;  present  numerical  values  of  tangential  velocity  for  four  helices  can  be 
used  to  estimate  the  stability  of  a  four  bladed  propeller  wake.  Numerical  inte¬ 
gration  shows  that  the  tangential  velocity  of  four  helices  on  themselves  is  always 
positive,  decreasing  in  magnitude  as  the  helix  angle  decreases  (as  one  would  expect). 
This  does  not  prove  that  the  configuration  is  stable  but  suggests  that  it  is. 

The  second  observation  clearly  displays  the  deficiency  of  potential  methods 
in  defining  the  flow  in  the  wakes  of  the  blades,  that  is  downstream  of  the  pro¬ 
peller  plane.  The  simple  vortex  wake  model  predicts  tangential  velocities  which 
are  positive  for  all  radii  when  helix  angles  typical  of  those  found  in  propeller 
wakes  are  used.  In  fact  the  blades  have  wakes  (not  vortex  sheets  only)  which, 
through  viscous  action,  drag  fluid  tangentially  in  the  direction  of  notation,  that 
is  they  produce  negative  tangential  velocity  in  the  present  notation  (see  figure  9). 
Hence  we  cannot  expect  an  accurate  assessment  of  the  tangential  velocities  near  the 
blades  from  the  vortex  wake  consisting  of  a  single  filament  shed  at  the  tip, 


BfaMiirtiBftiw 


151 


wmr^Tm PWWW"1  PH  mu  1 1 1!  if  i  II  'I  IN  1 A  , ' i . . ■ . 


9- 


particularly  at  Inboard  radii  where  the  blade  sections  are  thick  and  the  blade 
wakes  large.  The  resulting  accuracy  of  the  vortex  wake  method  is,  therefore,  question¬ 
able  regardless  of  the  refinement  of  the  vortex  sheet  configurations.  This  is  an 
important  observation,  suggesting  that  potential  models  of  any  complexity  are  of 
limited  accuracy  and  hence  that  the  simplest  models  may  be  the  most  sensible. 

Figures  10  and  11  show  the  power  and  thrust  distribution  on  the  blades  of  the 
1967  propeller  as  calculated  by  the  simple  model  and  compared  with  values  for  a 
flow  survey.  The  chord  has  been  assumed  to  be  zero  at  the  tip  to  force  values  of 
lift  and  drag  (thrust  and  power)  to  be  zero  there.  Integrated  values  of  thrust 
and  power  coefficients  and  figure  of  merit,  are  given  below: 


Table  3-1 


1967  Propeller 

C 

r 

C 

P 

FM 

3-12" 

6-14* 

8-12° 

S»14‘ 

B-12" 

£14’ 

Direct  Measurement 

.1565 

.1815 

0.0600 

.0755 

.823 

.817 

Flow  Survey  +  Strip  Analysis 

.1954 

.2134 

0.0660 

.0815 

1.048 

.965 

Vortex  Wake  Calc'n 

.1615 

.1880 

.0684 

.0840 

.768 

.757 

Table  3-1  shows  that  although  the  vortex  wake  simple  model  does  not  produce 
good  agreement  with  thrust  and  torque,  the  figure  of  merit  is  not  as  far  from  the 
measured  value  as  is  the  flow  survey  value. 

It  is  of  interest  to  see  how  accurately  the  simple  vortex  wake  method  can 
predict  the  percentage  increments  in  thrust  and  torque  which  occur  over  a  2°  change 
in  blade  angle.  This  is  shown,  again  for  Integrated  values  of  thrust  and  power, 
in  Table  3-II. 

Table  3-II 


1967  Propeller 

Change 

X  Change 

CP 

CT 

CP 

Direct  Measurement 

.0250 

.0155 

16.0 

25.9 

Flow  Survey  +  Strip  Analysis 

.018 

.0155 

10.0 

21.8 

Vortex  Wake  Calculation 

.031 

.0176 

18.0 

24.8 

The  simple  vortex  wake  method  predicts  the  percentage  changes  for  the  pro¬ 
peller  with  good  accuracy. 

Values  of  the  calculated  Induced  angle  $  ,  which  is  used  to  determine  the 
loading  on  the  blades  is  shown  in  Figure  (12)  for  the  fi  -75  -  12°  case.  The 

calculated  results  can  be  compared  with  those  from  flow  surveys  of  the  propeller. 

The  general  trends  of  the  calculated  and  measured  results  correspond,  although  the 
values  of  <p  calculated  inboard  are  too  high,  suggesting  values  of  axial  velocity 
which  are  too  large  or  values  of  relative  tangential  velocity  which  are  too  small. 
Addition  of  inboard  filaments,  necessary  for  selfconsistency  of  the  model,  changes 
this  picture,  as  described  in  the  next  section. 

To  evaluate  the  validity  of  comparisonjof  theory  with  flow  survey  measurements 
the  azimuthal  variation  of  axial  velocity  found  from  the  simple  vortex  wake  model 
was  calculated.  This  variation  for  three  radii,  R/R_lp  “  .75,  .85  and  .95  is  plotted 
in  Figure  13  where  the  experimentally  measured  average  value  is  also  shown.  The 
calculated  result  shows  thet,  in  the  tip  region,  the  fluctuation  of  a  tuft  in  a 
diametral  plane  (that  is,  neglecting  tangential  velocities)  is  about  9*  at  R/R^jp  “ 

75,  13°  at  R/R  »  .85  and  41°  at  R/R^jp  •  .95.  The  experimentally  determined  average 
velocity  near  the  tip  is  therefore  very  uncertain  and  comparison  between  the  flow 
survey^  values  and  calculated  values  here  is  less  valid  than  at  the  inboard  stations. 

Another  comparison  that  may  be  made  between  the  calculated  and  measured 
values  is  in  the  helix  angle  of  the  ultimate  wake.  This  angle  is  calculated  in 
the  computer  program  once  the  tip  vortex  strength  has  been  found  by  interpolating 
data  relating  tip  vortex  strength  to  ultimate  wake  pitch. 

The  wake  pitch  has  also  been  measured  from  flow  photography.  The  calculated 
location  of  the  tip  vortex  is  plotted  in  Figures  4a  and  4b  as  zQ/RTIp  versus  (fo  . 

If  the  radius  of  the  helical  wake  were  precisely  specified  the  slope  of  the 
versus  Incurve  would  indicate  the  agreement  in  helix  angle  between  observed  and 
measured  cases.  The  lines  are  reasonably  close,  lending  credence  to  the  analysis. 
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The  effect  of  a  change  in  drag  coefficient  from  C,  ■  .01  to  .02  1b  shown 
in  Figure  10.  As  expected,  the  change  raises  the  overall  power  distribution, 
particularly  near  the  tip.  No  significant  change  in  Cj,  was  observed  as  a  result 
of  the  change  in  again  as  expected. 

3.2  The  Addition  of  the  Inboard  Sheet 


The  inboard  vortex  sheet  is  represented  by  a  finite  number  of  discrete  fila¬ 
ments.  The  strength  of  these  filaments  has  been  determined  from  the  bound  loading 
in  one  of  two  ways: 

1.  using  velocities  at  the  blade  associated  with  the  tip  vortex  only, 
to  calculate  the  bound  loading  (called  the  "Independent  filaments" 
method) . 

li.  using  velocities  et  the  blade  associated  with  the  tip  vortex  and  all 
vortex  filaments  o.'  the  inboard  vortex  sheet  originating  outboard  of 
the  radius  at  which  velocities  are  being  calculated.  This  solenoldal 
type  of  approximation  is  discussed  in  section  2. A  and  is  called  the 
"dependent  filaments"  method. 

Because  the  bound  vorticlty  Increases  with  radius  for  small  radii,  the  Inboard 
vortex  sheet  consists  of  vorticlty  which  is  opposite  in  sign  to  that  of  the  tip 
vortex.  It  therefore  reduces  the  velocities  over  the  Inboard  sections  of  the  blade, 
correspondingly  reducing  the  induced  angles  ^  .  The  results  for  both  methods  are 

plotted  in  Figure  12. 

It  must  be  emphasized  that  the  inboard  vortex  sheet  filaments  are  assumed  to 
effect  only  radii  inboard  of  them  as  far  as  the  velocity  or  loading  is  concerned, 
so  that  the  tip  region,  outboard  of  R/R^jp  -  0.80  in  this  case,  is  completely 

unaffected  by  the  inboard  vortex  sheet. 

As  can  be  seen  from  Figure  12,  the  addition  of  the  inboard  vortex  sheet 
lowers  the  values  of  ^  considerably,  so  that  they  become  too  low  by  comparison 
with  the  measured  values. 

Because  the  Inboard  vortex  filaments  reduce  inboard  values  of  $  ,  they 
Increase  local  angles  of  attack  and  therefore  increase  the  loading  in  the  propeller. 
For  fin  *  12°  on  the  1967  propeller  the  values  of  integrated  thrust  and  power  rise 

to  Cj,  «  .198  and  Cp  »  .073,  giving  a  figure  of  merit  of  .91A.  This  is  less  satis¬ 
factory  than  the  result  obtained  with  no  inboard  filaments  and  suggests  that  if 
the  inboard  sheet  is  to  be  Included,  this  strength  must  be  more  accurately  found, 
perhaps  by  iteration. 

It  Is  perhaps  encouraging  that  inclusion  and  omission  of  the  inboard  vortex 
sheet  bracket  the  measured  value  of  ^  for  the  one  case  considered,  suggesting  that 
further  iteration  might  produce  fair  agreement. 

3.3  The  Outboard  Vortex  Sheet 


Since  it  is  necessary,  for  self-consistency,  to  shed  an  Inboard  vortex  sheet, 
it  is  also  necessary  to  have  an  outboard  vortex  sheet.  Hence  for  completeness  an 
outboard  sheet  model  was  specified,  as  described  in  Section  2.3. 

The  model  was  developed  in  two  parts: 

i.  An  uncontracting  sheet  in  which  filaments  shed  at  the  blade  moved  back 
.it  constant  radius  until  each  intersected  the  tip  vortex  path  and 

li.  A  model  in  which  the  sheet  "roll-up"  time  could  be  arbitrarily  specified, 
i.e.  intersection  of  the  most  inboard  filament  of  the  sheet  with  the 
tip  vortex  could  be  specified. 

In  the  case  of  the  first  model  (i)  only  one  application  was  tried,  the  1967  pro¬ 
peller  (4  blades)  at  12°  blade  angle.  The  strengths  of  the  outboard  filaments 
representing  the  outboard  sheet  were  specified  by  the  bound  vorticlty  on  the  blade 
as  calculated  from  the  simple  model  (tip  vortex  only).  No  attempt  was  made  to  make 
these  filaments  "inter-dependent"  in  the  same  way  as  was  done  with  the  inboard 
filaments.  This  would  be  possible  through  iteration,  if  convergence  exists. 

It  is  worth  noting,  from  Figure  4a  for  example,  that  since  the  Innermost  fila¬ 
ment  is  shed  from  R/R  TIP  -  0.85,  it  joins  the  tip  vortex  in  the  present  model  at 
about  If/  “  100°,  since  it  remains  at  constant  radius.  Thus  it  radically  affects  the 
blade  following  that  from  which  it  was  shed.  This  length  of  roll-up,  which  is  the 
physical  phenomenon  being  represented,  is  thought  to  be  unrealistic.  Roll-up  probably 
occurs  in  less  than  90°.  The  smoke  photographs  do  not  show  roll-up  specifically, 
however,  and  little  is  known  about  this  process.  A  more  rapid  roll-up,  one  that 
was  completed  in  an  azimuthal  distance  of  less  than?ir/B  radians,  would  result  in 
a  much  smaller  difference  between  the  simple  model  and  that  Including  the  outboard 
sheet.  This  may  explain  in  large  measure,  the  fair  agreement  obtained  with  the 
simple  model. 
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Results  for  the  1967  propeller,  Including  the  outboard  ai;J  Inboard  vortex 
sheets,  are  plotted  In  Figure  14.  The  Inboard  vortex  sheet  was  calculated  assuming 
lnterdep.ui*nt  vortex  filaments  and  assuming  that  the  tip  region  could  be  represented 
adequately  by  the  simple  model.  The  outboard  vortex  sheet  assumed  that  each  vortex 
filament  affected  all  points  In  the  tip  region,  so  that  no  solenoldal  approximation 
was  used  in  this  part  of  the  calculation.  The  final  bound  vortlclty  distribution, 
after  re-calculatlon  using  the  outboard  vortex  sheet.  Is  no  longer  consistent  with 
the  assumption  that  the  maximum  bound  vortex  value  Is  equal  to  the  final  tip  vortex 
strength.  Only  one  Iteration  of  this  outboard  sheet  model  was  completed. 

The  second  outboard  sheet  model  (11)  was  applied  to  the  1967,  1968  and  HSD-9 
propellers.  In  this  representation,  the  filaments  composing  the  outboard  sheet  are 
postulated  to  move  outwards  exponentially  with  azimuth  angle.  Selection  of  the  azi¬ 
muth  angle  at  which  the  sheet  Is  fully  rolled  up  fixes  the  position  at  which  the 
innermost  filament  of  the  outboard  sheet  joins  the  tip  vortex. 

As  applied  to  the  1967  propeller  at  12*  blade  angle  the  outboard  sheet 
(having  a  15°  roll-up  angle)  increased  the  Induced  angle  distribution  (by'id*)  over 
the  simple  tip  vortex  plus  inboard  sheet  model  (See  Figure  15).  This  gave  u 
closer  correlation  with  the  derived  induced  angle  from  the  flow  survey.  It  must  be 
emphasized  however,  that  the  flow  survey  measurements  near  the  tip  region  are  pro¬ 
bably  Inaccurate,  because  of  the  large  circumferential  variations  in  velocity  there. 
Assessment  of  axial  and  tangential  velocities  for  the  same  propeller  is  shown  In 
Figure  15.  Axial  velocity  Is  qualitatively  correct  and  tangential  velocity  only 
marginally  so.  This  is  partly  due  to  the  Inability  of  the  vortex  wake  program 
to  account  for  the  presence  of  viscous  blade  wakes  and  partly  to  numerical  errors 
(round-off  and  truncation).  However,  overestlmatlon  of  both  axial  and  total  tan¬ 
gential  velocities  at  inboard  radii  has  been  partly  self-cancelling  resulting  In 
generally  good  agreement  of  Inboard  values. 

Figure  15  Illustrates  the  effect  of  a  change  In  'oll-up  distance  from  15° 
to  50°.  The  largest  effect  occurs  in  axial  velocity  neai  the  tip  (a  25Z  change). 
Tangential  velocity  is  affected  by  less  than  1/2Z.  Qualitative  agreement  between 
azimuthal  average  axial  velocity  derived  from  the  flow  survey  and  the  average 
axial  velocity  given  by  the  vortex  wake  method  is  improved  slightly  at  the  higher 
roll-up  angle. 

Results  of  applying  the  complete  vortex  ike  method  to  the  1968-A  propeller 
at  12°  blade  angle  are  shown  in  Figure  17  and  the  1968-B  at  14°  blade  angle  In 
Figure  18.  The  agreement  in  0  for  all  cases  is  not  good.  The  degree  of  agreement  in 
CT,  C  and  FM  between  rig  measurements  and  the  theory  is  shown  in  Table  3-III. 


Table  3-II1 


Propeller 

e.80 

Test 

Theory 

CT 

CP 

fm 

CP 

WEM 

1968  -  A 

12° 

.1770 

.0715 

.828 

.1676 

.0677 

.806 

1968  -  B 

14° 

.1530 

.0610 

.786 

.1822 

.0809 

.769 

It 

17° 

.1790 

.0740 

.819 

.2135 

.0971 

.812 

Cj,  and  Cp  were  underpredicted  consistently  for  each  propeller  in  Table  3-1II, 

substantiating;  (a)  the  inability  of  the  model  to  cope  with  the  presence  of  a  double 
tip  vortex  and,  (b)  the  sensitivity  of  predicted  performance  to  flow  details  in  the 
tip  region. 


An  attempt  to  iterate  bound  loading  and  outboard  sheet  filament  strengths  was 
made  as  follows: 


For  the  i^  filament 

rd)  r(0  .  r(0 

CrN  CTm-2  (14) 

2 


where  N  *  0,  1,  2  etc.  the  number  of  successive  approximations,  N  >  2 


C» 


Non-dimensional  bound  circulation  of  i 
sheet  (nth  approximation) 


th 


radial  station  of  outboard 


Convergence  was  assumed  complete  when 


c(i) 

crw 


was  within  2% 


U) 

of  crN. 


Figure  16  shows  the  successive  loading  changes  in  the  tip  region  of  the  HSD-9  | 
ler  at  12°  blade  angle  and  60°  roll-up.  The  loading  Cp  usually  converged 
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less  Chan  5  Iterations.  This  Is  considered  fortuitous  and  may,  in  large  part, 
be  due  to  the  rather  limited  size  of  Che  oucboard  sheet. 

While  adding  slightly  Co  Che  complexlcy  of  the  model,  this  Iteration  routine 
maintained  self-consistency  and  resulted  In  Improved  predictions  of  the  Figure  of 
Merit.  Table  3-IV  compares  the  m.  i  Hod  with  and  without  outboard  sheet  Iterations. 

Table  3-IV 


Blade  Angle  ”  12° 

HSD  -  9  Propeller 

Roll-up  angle  ■  60° 

CT 

s 

FM 

Measured 

.2142 

.1020 

.776 

Vortex  wake  (No  iterations) 

.2178 

.1116 

.727 

Vortex  wake  (with  iterations) 

.2295 

.1112 

.789 

To  summarize,  the  model  Initially  sheds  a  tip  vortex,  followed  by  the  zeroth 
approximation  of  the  outboard  sheet  which  Is  assumed  In  all  calculations  to  extend 
to  the  tip  of  the  blade  from  the  point  of  maximum  bound  circulation  as  found  for 
the  tip  vortex  above.  Iterations  are  performed  on  the  outboard  sheet  until  strength 
convergence  Is  achieved.  Following  this  the  inboard  sheet  is  shed  using  the 
'dependent  filaments'  scheme. 

3.4  The  Calculated  Circumferential  Variation  of  Velocity 

Circumferential  variations  in  velocity  calculated  from  the  present  vortex 
wake  model  can  provide  some  Insight  Into: 

(a)  probably  accuracy  of  the  flow  survey  (pressure  probe) 

(b)  the  effect  of  roll  up  angle  in  the  analytical  model. 

In  addition  to  the  usual  flow  survey  velocity  measurements,  an  attempt  was 
mada  to  measure  the  instantaneous  velocities  near  two  propellers  using  hot  wire 
anemometers.  The  first  propeller  was  a  65  AF  design  and  the  second,  one  of  120  AF. 
Both  had  Integrated  design  lift  co-efficients  of  0.30,  were  7  feet  in  diameter  and 
were  run  in  four  bladed  configurations. 

The  hot  wire  measurements  (33)  showed  that  a  relatively  small  part  of  the 
wake  contained  clearly  periodic  velocities,  as  shown  in  figure  19.  The  average 
azimuthal  variation  of  axial  velocity  in  each  wake  was  less  than  ±10X,  but  because 
measurement  accuracy  was  approximately  ±8X,  definitive  azimuthal  variations  of  the 
wake  velocity  components  were  not  obtained.  Comparisons  with  the  analytic  model  made 
in  subsequent  figures  use  mean  values  obtained  from  the  flow  surveys  that  is,  from 
pressure  probes. 

The  azimuthal  variation  of  velocity  at  a  particular  R-Z  position  was  cal¬ 
culated  from  the  analytical  model.  No  contribution  from  the  bound  vortices  was 
assumed  to  be  present  for  points  lying  within  a  specified  small  distance  from 
the  lifting  line.  All  filaments  shed  into  the  wake  were  used  to  compute  these 
velocities.  The  azimuthal  mean  values  were  computed  from  the  following: 

»  ■  \J\l  Klui  I  (15) 

L*  4 

where:  U  -  Mean  Azimuthal  Velocity  Component  in  any  given 

coordinate  direction  -  fps 

■  Velocity  at  it*1  azimuth  station  -  fps 

N  »  Total  number  of  azimuthal  stations  used  in  obtaining  the 
average 

The  pressure  probes  used  in  the  flow  surveys  had  negligibly  small  corrections 
for  angles  of  attack  (yaw  and  pitch)  less  than  about  20°;  their  response  characteris¬ 
tics  at  larger  angles  were  not  considered  in  comparing  the  calculated  and  measured 
mean  values  of  the  velocity. 

Figure  20  shows  the  predicted  values  of  axial  and  tangential  velocities  with 
varylug  azimuth  angles  for  the  HSD-9  propeller.  For  comparison,  two  roll-up  angles 
(30°  and  60°)  and  the  effect  of  the  bound  vorticity  distribution  are  included  as 
variables  in  the  two  sets  of  curves. 
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Roll~up  angle,  determining  the  extent  and  position  of  the  outboard  sheet, 
influences  both  the  magnitude  and  phase  of  the  axial  velocity  distribution 
especially  near  the  tip.  The  bound  loading  contribution  to  axial  velocity  la 
symmetric  about  the  R-Z  plane  lying  mid-way  between  successive  blades.  As  seen 
for  R/RT1P  «  0.96  the  effect  of  adding  this  component  Is  to  Increase  the  period¬ 
icity  (or  ratio  of  amplitude  to  mean  value  of  the  velocity  variation).  The 
comparison  made  In  figure  20a  between  measured  mean  velocities  and  calculated  mean 
values  Indicates  better  agreement  as  radius  decreases  (l.e.  when  periodicity  Is 
low).  Near  R/RTIP  ■  0.96  the  agreement  la  poorest,  suggesting  greater  sensitivity 
to  the  geometry  of  the  trailing  vortices,  the  probe  response  characteristics  or 
the  calculation  procedure  here  than  anywhere  else. 

The  tangential  Induced  velocity  variation  given  In  Figure  20b  for  three 
radial  stations  at  the  propeller  plane  Indicates  a  much  gentler  azimuthal  variation. 
The  effect  of  roll-up  distance  Is  less  than  on  the  axial  component,  and  the  bound 
loading  contribution  is  zero  at  all  azimuth  positions. 

Comparison  of  calculated  and  measured  mean  values  shows  that  the  agreement 
worsens  as  the  radius  decreases,  in  contrast  to  the  trend  In  the  axial  velocity  case. 
This  is  likely  due  to  both  a)  viscous  effects  which  have  not  been  Included  In  the 
theory  and  b)  use  of  the  solenoldal  approximation  in  the  calculation  procedure. 

The  results  above  were  obtained  without  iterating  the  strength  of  the  outboard 
sheet. 

3.5  Sensitivity  to  Core  Size 


A  peculiarity  associated  with  the  model  which  was  discovered  when  the  Inboard 
sheet  was  first  added  concerned  the  sizes  of  cores  of  trailing  filaments.  When  the 
"dependent"  filaments  scheme  was  used  the  distribution  of  $  would  experience  wild 
oscillations  with  decreasing  radius  for  what  was  considered  to  be  realistic  values 
of  core  size  (  e  “  Rtip  )■  Only  when  core  size  was  Increased  by  at  least 
an  order  of  magnitude  would  these  disappear.  This  although  producing  reasonable 
agreement  (see  Figure  11,  for  example)  made  the  model  physically  less  plausible  due 
to  the  cores  of  adjacent  vortices  Intersecting  one  another. 

To  try  to  reduce  these  large  core  sizes,  another  approach  was  tried,  following 
Reference  22.  The  'core  size'  term  was  removed  from  the  Blot-Savart  relations  (put¬ 
ting  c-o  in  equation  8)  and  a  new  procedure  Instituted  In  which  all  filament  elements 
lying  within  a  specified  distance  of  the  point  under  consideration  were  not  Included 
In  the  calculation.  Referred  to  as  the  "Sphere  of  reject,  ion"  criterion,  its  effect 
was  to  make  the  $  distribution  for  the  1967  propeller  in  Figure  21  lesB  smooth,  and 
for  the  smallest  'sphere'  radius  (e  ■  .OlR^p)  to  Increase  the  oscillatory  variation 

of  <(>  with  radius.  Since  this  method  did  not  improve  the  problem  of  instabilities 
the  original  representation  of  core  size  was  reconsidered.  In  the  original  represen- 

3 

tatlon,  the  Blot-Savart  law  is  fundamentally  violated  since  the  1/R  term  has  been 
replaced  by  1  / ( R2 ■*•  €* where  'e'  is  the  assumed  vorte::  core  radius. 

While  preventing  the  appearance  of  singularities  this  modifies  the  magnitude  of 
the  induced  velocity  of  a  vortex  from  Its  centreline  outwards  for  some  distance, 
of  the  order  of  10  core  radii. 

In  an  attempt  to  achieve  the  first  aim  of  reducing  core  size  to  an  acceptable 
level  and.  In  addition  to  maintain  plausibility,  a  third  representation  was  tried 
which  has  been  used  exclusively  since.  Here  the  induced  velocity  Is  linearly 
scaled  to  zero  with  radius  inside  the  core  and  retains  the  potential  or  1/R3  form 
of  the  expression  outside  -  the  so-called  'solid  body'  representation. 

In  general,  core  sizes  of  the  order  of  0.10R„p  were  required  for  the  "solid 
body"  representation  of  core  when  running  the  model  with  simple  tip  vortex  and 
inboard  sheet.  The  addition  of  the  outboard  sheet  however,  caused  additional 
difficulty  in  that  a  particular  ratio  (nearly  1:1)  was  required  to  be  maintained 
between  outboard  sheet  core  sizes  (e^)  and  inboard  sheet  core  sizes  (ej).  Results 

for  the  HSD-9  propeller  are  plotted  as  FM  versus  and  e^  in  Figure  22.  Figure  of 

Merit  appears  to  be  sensitive  to  the  value  of  e^,  but  for  the  present  comparisons 
the  values  of  e^  and  e^  have  both  been  made  equal  to  0. 10Rj.jp.  This,  or  a  similar 

assumption.  Is  apparently  necessary  when  using  this  vortex  wake  method. 

4.  Conclusions  and  recommendations 


Various  vortex  wake  representations  have  been  explored  and  compared  to 
observed  flow  visualization  patterns  and  quantitative  velocity  measurements  obtained 
from  model  propellers  in  the  static  thrust  condition.  From  these  comparisons, 
we  conclude  that: 

(a)  Changes  In  performance  can  he  predicted  with  reasonable  accuracy  for  small 
changes  In  blade  angle  if  the  propellers  considered  (such  as  the  1967 
blades)  have  wakes  which  do  not  contain  unusual  features. 


(b)  Propellers  (such  as  the  1968  blades)  can  create  double  tip  vortices 
whose  presence  significantly  complicates  the  wake  and  makes  accurate 
performance  predictions  very  difficult. 
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(c)  Increasing  complexity  of  the  analytical  model,  Including  birch  Inboard 
and  outboard  vortex  aheeta  does  give  Improved  prediction  of  the  Inflow 
angle  (4)  at  the  propeller  plane.  Further  lteratlona  could  create 
further  Improvements  here  In  some  cases  at  least. 

(d)  Major  difficulties  In  comparing  measured  and  computed  values  of  velocity 
at  the  propeller  plane  are  the  Inability  of  a  lifting  line  model  to 
represent  the  flow  near  the  real  blade  without  ambiguity,  and  the 
presence  In  the  real  flow  of  wakes  which  cannot  be  represented  by  potential 
theory.  These  difficulties  confuse  comparisons  of  $  and  may  ultimately 
limit  the  usefulness  of  wholly  potential  calculations  to  represent  a 
propeller  In  static  thrust. 

(e)  The  effect  of  tip  vortex  roll-up  distance  upon  performance  for  roll-up 
angles  less  than  60°  Is  small  In  the  analytical  model  but  is  significant 
In  determining  the  azimuthal  variation  of  axial  Induced  velocity.  If 
smoke  or  some  other  tracer  could  be  injected  Into  the  wake  from  an  actual 
propeller  blade,  the  extent  of  the  tip  vortex  (i.e.  how  far  radially 
Inboard  the  shed  vortlcity  rolls  up  to  form  the  tip  vortex)  and  the  rate 
of  roll-up  might  be  observed.  The  splitting  into  tip  vortex  and  inboard 
sheet  might  be  made  more  quantitative  also. 

(f)  Iterations  performed  upon  the  outboard  sheet  strength  converged  quickly 
for  the  case  of  th  HSD-9  propeller  at  12°  blade  angle  and  improved  the 
predicted  figure  01  merit.  Convergence  Is  strongly  dependent  upon  core 
size  assumed. 

(g)  Physically  high  values  of  core  size  must  be  maintained  for  the  current 
representation.  The  large  core  size  acts  to  dampen  the  strengths  of 
adjacent  filaments  resulting  in  smoother  distributions  of  induced 
velocities.  Alternative  representations  for  the  vortex  core  do  not  alter 
this  conclusion  significantly. 

(h)  The  calculated  circumferential  variation  of  velocity  shows  that  the 
periodicity  of  the  flow  Increases  toward  the  tip  as  shown  by  experiment. 
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SUMMARY 


The  unsteady  aerodynamics  of  rotary  wings  presents  a  fascinating,  yet 
formidable,  challenge  to  the  fluid  dynamics  researcher.  The  consequences 
of  the  unsteadiness  in  rotor  aerodynamics  are  clearly  evident  in  practically 
every  aspect  of  rotorcraft  technology.  Most  of  the  limitations  of  rotary-wing 
aircraft  stem  from  the  fact  that  the  lifting  system  is  subjected  to  unsteady 
airloads.  These  limitations  include:  vibration  boundaries  imposed  upon 
level  flight  and  maneuver  performance;  increased  detectability  due  to  rotor 
impulsive  noise;  rotor  and  airframe  fatigue;  and  costly  maintenance,  repair, 
and  replacement  requirements.  Therefore,  the  understanding,  control  and 
accurate  prediction  of  the  more  significant  unsteady  aerodynamic  phenomena 
can  ultimately  yield  substantial  benefits  in  improved  rotary-wing  aircraft. 

This  paper  summarizes  the  basic  unsteady  aerodynamic  environment  of  the 
rotor,  discusses  some  of  the  observed  trends  in  the  state  of  the  art,  and 
sets  forth  some  of  the  research  needs  that  will  require  attention  in  the  future. 
In  addition,  the  paper  presents  a  review  of  a  number  of  research  investigations 
underway  at  the  Langle-'  Research  Center  as  part  of  a  joint  NASA/Army  rotorcraft 
research  program.  The  research  investigations  are  directed  toward  achieving 
a  better  understanding  of  rotor  unsteady  airloads.  Specifically,  these 
investigations  include  research  in  rotor  maneuver  loads,  level  flight  and 
maneuver  wake  prediction,  tip-vortex  flow,  blade-vortex  interaction,  dynamic 
stall,  transient  Mach  number  airloads,  and  variable-geometry  rotor  research. 


NOTATION 


A  tip  vortex  mean-axial-velocity  parameter  (see  Reference  16) 

C,  Cq  blade  chord,  meters 

Cj.  rotor  thrust  coefficient 

Cq  rotor  torque  coefficient 

d  tip-vortex  core  diameter,  meters 

g,  G  gravitational-acceleration  constant,  meters/second* 

r  blade  radial  station,  meters 


r  tip-vortex  radial  coordinate 

R  blade  radius,  meters 

Rl  radius  of  lower  blade  set,  meters 

Ry  radius  of  upper  blade  set,  meters 

t  time,  seconds 

V,  V  free-stream  velocity,  meters/second 

V.  tip-vortex  tangential  velocity,  meters/second 

O 

X  distance  aft  from  leading  edge  on  airfoil,  meters 

Z j  tip-vortex  axial  coordinate 

AR  radius  difference  between  upper  and  lower  rotor,  meters 

Sr  radius  ratio,  AR/R 

AZ  vertical  spacing  between  upper-  and  lower-blade  sets,  meters 

S2"  vertical-spacing  ratio,  AZ/R 

A0  collective-pitch  angle  increment  between  upper-  and  lower-blade  sets,  degrees 

A¥  azimuth  increment  of  upper-blade  set  relative  to  lower-blade  set,  degrees 

0  blade  pitch  angle,  degrees 

y  rotor-tip-speed  ratio,  V/ftR 

0  rotor  solidity 

iJj  blade  azimuth  position,  ip  •  0  is  aft,  degrees 

^  wake  azimuth  angle  relative  to  upper  blade,  degrees 

ft  rotor  rotational  speed,  radians/second 
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1.  INTRODUCTION 

By  design,  the  helicopter  rotor  operates  in  its  own  turbulent  wake.  This  results  in  a  broad  spectrum 
of  unsteady  airloads  which  excite  the  numerous  dynamic-response  modes  of  the  flexible  rotor  and  airframe. 
Understanding  the  source  of  these  unsteady  airloads  and  developing  verified  prediction  methods,  can  have 
a  very  significant  benefit  on  the  ability  to  design  improved  rotorcraft.  The  state  of  the  art  in  rotor 
unsteady  airloads  appears  to  be  in  a  phase  of  detailed  measurement,  exploration,  and  attempts  to  devise 
workable  mathematical  models  of  some  of  the  more  significant  unsteady  aerodynamic  phenomena  observed  in 
flight  and  wind-tunnel  testing  during  the  past  decade. 

The  National  Aeronautics  and  Space  Administration  and  the  United  States  Army  Air  Mobility  Research 
and  Development  Laboratory  are  jointly  engaged  in  a  rotor  research  program  at  the  Langley  Research 
Center.  This  program  includes  in-house,  grant,  and  contract  investigations  in  the  areas  of  rotorcraft 
aerodynamics,  dynamics,  stability  and  control,  structures,  and  materials. 

Following  a  brief  assessment  of  the  state  of  the  art  of  rotor  unsteady  airload  technology,  this 
paper  presents  a  review  of  a  number  of  the  current  unsteady  aerodynamics  research  investigations  at 
the  Langley  Research  Center.  These  investigations  include  maneuver  loads,  level  flight  and  maneuver 
wake  prediction,  tip-vortex  flow,  blade-vortex  interaction,  dynamic  stall,  transient  Mach  number 
airloads,  and  variable-geometry  rotor  research. 

2.  ROTOR  AERODYNAMIC  ENVIRONMENT 

2. 1  The  problem 

There  are  numerous  unsteady  aerodynamic  events  that  may  occur  in  a  single  revolution  of  a  helicopter 
rotor  system  operating  at  moderate  to  high  forward  speeds.  The  unsteadiness  exists,  to  some  degree, 
throughout  the  design  operating  envelope.  The  severity  of  the  dynamic  airloads  associated  with  the 
unsteady  aerodynamics  depends  upon  the  specific  operating  condition.  Some  of  the  more  severe  operating 
conditions  are:  maximum  forward  speed  in  level  flight,  maneuvering  flight,  rapid  descents,  and  flared 
landings  in  ground  effect.  Rotor  aerodynamics  technology  has  been  built  on  a  foundation  of  blade- 
element  theory,  uniform  inflow,  and  two-dimensional  aerodynamics  as  a  natural  outgrowth  of  fixed-wing 
technology.  However,  the  practical  limitations  of  rotor  operation  are  much  more  analogous  to  turbine 
engine/inlet  matching  aerodynamics  (Reference  1)  where  the  fundamental  problem  is  one  of  dealing  with 
extreme,  time  varying,  three-dimensional  distortions  of  the  rotor  inflow  distribution. 

Some  of  the  more  obvious  unsteady,  or  transient,  aerodynamic  phenomena  that  contribute  to  rotor 
dynamic  airloads  are  illustrated  in  Figure  1.  The  general  categories  of  the  flow  shown  in  Figure  1 
are:  (1)  stalled  flow,  (2)  impulsive  flow,  (3)  yawed  flow,  and  (4)  interference  flow.  Stalled  flow 

includes  airfoil  dynamic  stall  and  tip-vortex  induced  dynamic  stall.  A  distinction  is  made  here 
between  airfoil  and  tip-vortex  induced  dynamic  stall.  Airfoil  dynamic  stall  is  associated  with  what  has 
been  referred  to  as  stall  flutter  and  it  is  sensitive  to  airfoil  configuration  changes.  That  is, 
airfoil  modification  has  been  shown  to  have  a  marked  influence  on  the  severity  of  stall  flutter  and  the 
resulting  oscillatory  control-system  loadings  (Reference  2).  A  peculiar  feature  of  this  stall  mechanism 
is  the  ability  to  distinguish  between  moment  stall  and  lift  stall  during  the  initial  stages  of  stall 
onset,  as  the  blade  moves  through  the  retreating  side  of  the  rotor  disk  (References  3  and  4) . 

Tip-vortex  induced  dynamic  stall  is  less  sensitive  to  airfoil  characteristics.  The  best  airfoil 
cannot  cope  with  some  of  the  local  angle-of-attack  excursions  induced  by  the  passage  of  a  tip-vortex 
filament  in  close  proximity  to  the  blade  surface.  Even  in  hovering  flight  the  rotor  performance  is 
degraded  by  tip-vortex  induced  stall  at  the  outboard  blade  sections  (Reference  5).  In  forward  flight 
maneuvers  the  blade-vortex  interaction  encountered  in  the  aft  portion  of  the  rotor  disk  may  cause 
high-frequency  pitching-moment  oscillations.  Reference  6  indicates  this  blade-vortex  dynamic  stall 
may  be  a  significant  source  of  rotor  vibratory  load  buildup  during  maneuvers. 

Impulsive  flow  phenomena  include  blade-vortex  interaction  and  transient  Mach  number  effects.  The 
impulsive  airloads  caused  by  blade-vortex  interaction  on  the  advancing  side  of  the  rotor  disk  result 
in  the  distinctive  "blade  slap"  acoustic  signature  of  some  rotorcraft.  In  this  case,  the  blade  encounters 
a  single  vortex  filament  which  causes  extreme  rates  of  change  in  airloading.  This  impulsive  airload, 
which  can  occur  simultaneously  over  large  segments  of  the  advancing  blade,  results  in  intense  radiated 
noise  in  addition  to  the  oscillatory  structural  loadings.  The  transient  Mach  number  effects,  which 
also  occur  on  the  advancing  blade,  include  transient  lift,  drag,  and  pitching  moments  associated  with 
the  rapid  movement  of  the  shock  wave  over  the  upper  surface  of  the  blade.  The  interaction  of  the  shock 
wave  and  boundary  layer  can  also  induce  transient  shock  stall. 

While  there  is  still  some  question  as  to  the  significance  of  yawed  flow  in  rotor  aerodynamics,  the 
extreme  case  of  reversed  flow  is  of  concern  when  large  inboard  portions  of  the  retreating  blade  are 
moving  rapidly  through  180°  angle-of-attack  changes  and  the  aerodynamic  center  of  the  blade  section  is 
abruptly  changing  from  the  normal  quarter-chord  position  to  the  three-quarter-chord  position.  This 
is  of  special  concern  for  slowed,  lifting  rotors  that  are  designed  to  operate  at  tip-speed  ratios  of 
one  or  greater. 

Interference  flow  includes  tail-rotor/main-rotor  wake  interaction,  pylon-hub-engine  exhaust  inter¬ 
action  with  the  main  and  tail  rotor,  and  wing-body  interference.  The  significance  of  these  aerodynamic 
interferences  depends  upon  the  specific  rotorcraft  configuration.  However,  in  all  cases  these  factors 
contribute  to  the  difficulty  of  predicting  the  rotorcraft  unsteady  aerodynamic  environment  and  the 
resulting  dynamic  airloads. 

2.2  State  of  the  art 


The  ultimate  objective  of  rotor  aerodynamic  research  should  be  to  provide  the  rotorcraft  designer 
with  the  analytical  tools  to  develop  and  produce  improved  aircraft  with  a  high  level  of  confidence. 
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Figure  2,  from  Reference  7,  illustrates  this  point  by  indicating  the  required  capability  in  design 
analyses  compared  with  the  present  capability.  The  figure  includes  both  dynamics  and  aerodynamics 
because  of  the  strong  interaction  between  these  two  disciplines  in  rotorcraft  design.  In  general,  the 
present  capabilities,  and  even  the  current  efforts  to  provide  improved  analytical  methods,  are  far  short 
of  the  require  capability.  Fox  the  most  part,  verified  design  tools  and  meaningful  design  criteria  do 
not  exist  in  the  area  of  rotor  unsteady  airloads.  This  situation  exists  because  of  the  extreme  complexity 
of  both  the  rotor  unsteady  aerodynamics  and  the  rotor  and  airframe  dynamics. 

Design  of  an  entirely  new  rotor  system  cannot  yet  be  classified  as  a  science.  It  still  retains 

many  aspects  of  an  "art,"  and  the  state  of  that  art  is  such  that  rotorcraft  tend  to  be  evolved  by 
small  extrapolations  in  size  and  installed  power.  Manufacturers  move  in  modest  increments  from  one 
service-proven  design  to  the  next  by  exploring  modifications  of  a  basic  rotor  configuration.  Paradoxi¬ 
cally,  there  are  wide  variations  in  the  basic  designs  of  different  manufacturers,  which  suggests  that 
the  necessity  for  relying  heavily  on  empiricism,  and  trial  and  error  has  led  different  design  groups 

down  different  paths.  The  present  state  of  the  art  results  in  a  hesitance  on  the  part  of  the  manu¬ 

facturers  to  propose  advanced  concepts  in  aircraft  design  competitions.  Likewise,  it  contributes  to 
the  user's  reluctance  to  invest  in  the  production  of  advanced  designs  even  after  investing  heavily  in 
the  research  and  development  of  the  advanced  systems. 

In  the  areas  of  rotorcraft  aerodynamic  and  dynamic  analyses  the  trend  is  toward  the  use  of  more 
complex  computer  programs  to  model  the  aeroelastic  systems.  While  this  is  a  natural  tendency  with  the 
availability  of  digital  computers  having  ever  increasing  capacity  and  computation  speed,  the  point  is 
being  reached  at  which  the  analyst  must  observe  the  output  of  the  computer  much  as  a  flight-test  engineer 
observes  the  behavior  of  the  actual  aircraft.  Since  the  computer  model  is  approaching  the  complexity 
of  the  actual  aircraft,  a  clear  understanding  of  the  "cause  and  effect"  behavior  of  the  aeroelastic 
mechanisms  is  lost  in  the  computer.  In  any  event,  the  burden  is  on  the  aerodynamicist  to  provide  the 
proper  input  to  the  computer  models.  For  example,  the  dynamicist  and  the  acoustician  are  eagerly 
awaiting  accurate  unsteady  airload  inputs  for  their  respective  computer  programs:  the  dynamicist  -  with 
the  rotorcraft  mass-elastic  system  well  defined,  and  the  acoustician  -  with  the  existing  acoustic 
radiation  theories  ready  to  be  applied. 

In  order  to  advance  the  state  of  the  art  to  the  proper  level  the  unsteady  aerodynamics  technology 
must  progress  through  the  following  steps: 

Identification  of  the  problem 

Detailed  measurement 

Mathematical  modeling 

Verification  of  the  math  models 

Parametric  studies 

Establishment  of  design  criteria 

Development  of  accurate  design  methods 

During  the  past  decade  rotor  unsteady  aerodynamics  has  moved  from  the  first  phase,  problem  identification, 
into  a  period  of  detailed  measurement  and  mathematical  modeling.  Investigators  are  beginning  to  document, 
in  detail,  the  rotor  unsteady  wake  and  boundary- layer  flow.  Mathematical  models  are  also  being  developed 
in  an  attempt  to  duplicate  the  observed  flow  behavior  The  principal  areas  of  investigation  include: 
hover,  level  flight  and  maneuvering  wake-geometry  p'.ediction;  tip-vortex  flow;  dynamic  stall;  and 
unsteady  transonic  flow. 

There  are  a  number  of  new  trends  in  the  manner  in  which  investigators  are  dealing  with  rotor  unsteady 
aerodynamics.  Four  of  the  more  fundamental  trends  are: 

1.  There  is  tendency  to  deal  more  directly  with  transient  and  impulsive  airloads  rather  than 
seeking  methods  to  predict  accurately  individual  harmonics  of  airloads  from  the  steady  to  the  40th 
harmonic  of  rotor  rotational  speed. 

2.  Periodic  rotor  airloads  have  been  demonstrated  to  be  very  repeatable  for  a  given  flight 
condition.  While  this  is  implicit  in  any  attempt  to  correlate  analytical  and  flight-test  data,  there 
had  been  frequent  references  in  the  past  to  the  basic  randomness  of  rotor  airloads.  This  randomness  is 
more  directly  associated  with  the  variability  of  the  rotor  operating  conditions. 

3.  There  is  increased  concern  over  the  validity  of  relating  rotor-blade  section  aerodynamics 
to  a  local  angle  of  attack  which  is  poorly  defined  and  frequently  unknown  in  the  unsteady  wake 
environment. 


4.  There  appears  to  be  a  trend  away  from  a  desire  to  amass  great  quantities  of  sinusoidal 
oscillating  airfoil  data.  Research  is  now  directed  toward  generalized  theoretical  and  empirical  methods 
that  can  be  used  to  account  for  the  effects  of  inflow  unsteadiness  on  basic  airfoil  characteristics. 

The  above  trends  reflect  the  shift  toward  the  detailed  study  of  rotor  unsteady  flow.  An  examplfe  of 
the  concern  for  more  detailed  investigation  was  noted  in  a  specialists'  meeting  on  the  subject  of  dynamic 
stall  held  at  the  Langley  Research  Center  in  July  1971.  This  meeting  brought  together  50  investigators 
for  1  day  to  present  and  discuss  their  work  and  their  ideas  in  the  area  of  rotor  dynamic  stall.  Some 
of  the  observations  and  recommendations  resulting  from  the  meeting  are  listed  below. 

1.  Flo>  visualization  documentation  of  rotor-blade  dynamic  stalling  should  be  obtained  to 
determine  the  role  of  vortex  shedding  in  the  actual  dynamic  stall  of  the  retreating  blade. 


2.  NASA/Army  should  review  available  dynamic-stall  analyses,  document  them  and  pose  a  standard 
case  for  analytical  correlation.  Also,  a  standard  dynamic-stall  test  case  should  be  proposed  so  that  a 
common  test  condition  can  be  available  for  experimental  and  analytical  correlation  by  all  investigators. 
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3.  Currently  available  dynamic  stall  Cn  and  Cm  loops  and  free-wake  analyses  should  be 
utilized  to  determine  if  the  rotor  tip-path  plane  position  in  space  can  be  accurately  predicted.  If 
it  cannot'-  determine  why.  Present  testing  indicates  lateral  flapping  cannot  be  predicted  accurately. 

4.  Two  points  of  view  can  be  taken  with  regard  to  dynamic-stall  research: 

a.  Research  oriented.-  Study  extreme  cases  of  dynamic  stall,  and,  after  determining  the 
basic  mechanisms,  interpolate  back  to  stall  onset  and  establish  stall  boundaries  and  stall  margins. 

b.  Near-term  design  oriented.-  Study  the  stall  onset  problem  first,  determine  stall 
boundaries  and  means  of  delaying  stall  onset.  After  this  has  been  achieved,  proceed  to  a  reassessment 
of  the  need  for  deep  stall  investigations. 

5.  The  whole  area  of  airfoil  plunging  should  be  reassessed.  There  are  indications  that  this 
aspect  of  rotor  dynamic  stall  may  be  as  important  as  airfoil  pitching  motions. 

o.  Airfoil  lift  stall  and  moment  stall  should  be  considered  as  separate  events  -  which  may  or 
may  not  happen  simultaneously. 

7.  Consideration  of  C_  vs  Cm  loop  characteristics  may  be  useful  in  analyzing  dynamic  stall. 
Eliminating  dependence  on  angle  of  attack,  which  is  usually  in  doubt,  may  be  helpful  in  correlating  stall 
data  from  various  sources. 

8.  A  series  of  fundamental  nonrotating  blade  tests  should  be  conducted  in  order  to  build  up 
to  the  complex  rotating  stall  case  in  careful  steps. 

9.  An  investigation  should  be  conducted  to  determine  why  some  rotor  systems  are  reported  to  be 
free  of  stal  1- flutter  end  dynamic-stall  problems,  and  to  determine  whether  it  is  a  matter  of  definition 
or  a  fundamental  rotor  aeroelastic  characteristic  that  is  common  to  these  rotor  designs. 

10.  The  influence  of  size  on  rotor  dynamic-stall  characteristics  should  be  investigated.  There 
appears  to  be  some  influence  of  size  by  way  of  stiffness,  Reynolds  number,  number  of  blades,  etc. 

11.  The  role  of  the  leading-edge  shed  vortex  in  the  dynamic-stall  mechanism  should  ue  explored. 

Is  it  an  important  mechanism,  or  is  it  a  convenient  analytical  tool  which  has  its  counterpart  in  some 
flow  visualization  studies  at  low  Reynolds  number? 

12.  More  emphasis  should  be  placed  on  the  short  separation  bubble  at  the  leading  edge  of  the 
airfoil.  This  bubble  and  its  accurate  analytical  modeling  are  the  key  to  the  dynamic-stall  process. 

Similar  recommendations  for  more  experimental  and  analytical  research  effort  would  undoubtedly  result 
from  consideration  of  other  aspects  of  rotor  unsteady  aerodynamics,  such  as,  wake  geometry,  tip-vortex 
flow,  and  the  development  of  suitable  advanced  airfoils. 

2.3  Future  research 

In  the  future,  emphasis  should  be  placed  on  efforts  to  verify  the  mathematical  models  being  developed. 
The  many  individual  analytical  tools  will  have  to  be  combined  and  compared  with  data  obtained  from 
complete  rotor  systems.  This  verification  process  will  require  model-scale  and  full-scale  rotor  testing. 

At  model  scale  it  may  be  possible  to  avoid  the  usual  difficulty  of  Reynolds  number  matching  by  conducting 
airfoil  testing  at  the  rotor-model  scale.  The  analytical  methods  could  then  be  verified  by  applying  the 
model-scale  airfoil  data  directly  with  the  prediction  of  the  model-rotor  unsteady  airloads  and  dynamic 
response.  Ultimately,  the  development  and  verification  of  the  analytical  methods  will  also  require 
full-scale  rotor  testing.  Wind-tunnel  testing  of  generalized  rotor  systems,  which  can  be  easily  modified, 
will  be  essential.  This  type  of  capability  is  presently  being  developed  at  the  Ames  Research  Center  with 
the  design  and  fabrication  of  a  generalized  rotor  research  system  for  use  in  the  40-  by  80-foot  wind 
tunnel.  In  addition,  special  flight  research  rotor  test  systems  will  also  be  required  for  the  final 
verification  of  the  analytical  methods.  Preliminary  studies  of  such  a  rotor  systems  research  aircraft 
are  currently  underway  in  a  joint  NASA/Army  effort  at  Langley  Research  Center. 

3.  ROTOR  UNSTEADY  AERODYNAMICS  RESEARCH  AT  LANGLEY  RESEARCH  CENTER 


Research  ap 


The  rotor  unsteady  aerodynamics  research  at  the  Langley  Research  Center  is  part  of  a  cooperative- 
research  program  between  the  Langley  Directorate  of  the  United  States  Army  Air  Mobility  Research  and 
Development  Laboratory  and  the  Langley  staff  of  the  National  Aeronautics  and  Space  Administration.  This 
joint  program  is,  in  turn,  a  part  of  an  overall  agreement  between  NASA  and  the  United  States  Army 
Materiel  Command  which  includes  cooperative  research  programs  at  the  Ames  Research  Center  and  the  Lewis 
Research  Center.  The  joint  research  effort  was  initiated  in  1970  and  involves  the  utilization  of  existing 
NASA  research  facilities  and  joint  Army/NASA  resources,  such  as:  manpower,  funding,  research  equipment, 
and  flight-test  aircraft.  The  research  effort  includes  aerodynamics,  dynamics,  acoustics,  structures, 
materials,  and  stability  and  control.  In-house  experimental  and  analytical  investigations  are  complemented 
by  supporting  contract  research  as  required.  The  following  discussion  presents  a  number  of  the  research 
investigations  in  rotor  unsteady  aerodynamics  currently  underway  as  part  of  the  joint  NASA/Army 
rotorcraft  research  program. 

3 . ?  Maneuver  loads 

There  are  severe  limitations  imposed  upon  helicopter  maneuvering  flight  by  unsteady  aerodynamics. 

The  limitations  are  reflected  in  a  rapid  increase  in  the  magnitude  of  the  rotor  oscillatory  control  loads 
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«nd  overall  airframe  vibration  levels.  The  source  of  the  problem  is  usually  a  buildup  in  the  unsteady 
airloads  induced  by  distorted  wake  flow,  blade-vortex  interaction,  and  dynamic  stall.  An  example  of  how 
these  factors  interact  to  impose  a  limit  on  maneuvering  flight  was  presented  in  Reference  6.  This  paper 
summarized  a  detailed  review  and  analysis  of  H-34  helicopter  rotor-blade  differential  pressure  and 
structural  load  data  for  five  maneuver-flight  conditions.  These  maneuvers  are  indicated  in  Figure  3. 

For  each  case  -  four  steady  maneuvers  and  a  single  transient  pullup  maneuver  -  the  maneuver  was  terminated 
when  aircraft  vibration  levels  increased  to  an  unacceptable  level.  It  was  concluded  from  the  analysis 
of  the  flight  data  that  the  probable  cause  of  the  maneuver  limitation  was  a  wake-induced  buildup  in  the 
blade  torsional  degree  of  freedom  response.  The  wake  characteristic  of  primary  importance  was  the 
helical  pattern  formed  by  the  trailing  vortices  deposited  into  the  fourth  quadrant  of  the  rotor  disk 
during  the  maneuvers.  Figure  4  indicates  a  typical  trailed  vortex  pattern  for  the  maneuver  conditions 
investigated.  The  helical  patterns  formed  by  the  trailed  tip  vortices  are  basically  a  function  of  rotor 
tip-speed  ratio.  In  level  flight  the  helical  wake  moves  down  and  away  from  the  rotor  disk.  However,  in 
maneuvers  the  tip  vortices  come  into  close  proximity  with  the  rotor  blades  in  the  aft  quadrants  of  the 
disk  due  to  the  changes  in  wake  geometry  caused  by  the  blade  lift  variations  and  the  maneuvering  flight- 
path  curvature.  As  a  result,  strong  blade-vortex  interaction  con  occur  as  indicated  in  Figure  4.  The 
unsteady  airloads  induced  by  these  blade-vortex  interactions  are  shown  in  Figure  5.  This  figure  presents 
time  histories  of  the  section  aerodynamic  pitching-moment  coefficient  at  the  95%  blade  radius  for  one 
revolution  of  the  rotor  for  a  level-flight  condition  and  a  1.5g  transient  maneuver  condition.  In  contrast 
to  the  level  flight  case,  the  section  pitching  moment  for  the  maneuver  case  indicates  that  local  stalling 
is  induced  by  the  passage  of  the  trailing  tip  vortices.  The  azimuth  positions  of  the  trailed  vortex 
crossings,  shown  in  Figure  4,  are  also  indicated  in  Figure  5. 

The  important  factors  in  the  maneuvering  flight  unsteady  airloads  are  wake  geometry,  tip-vortex 
flow,  blade-vortex  interaction,  and  dynamic  stall.  Each  of  these  areas  has  been  investigated  in  the 
Langley  Research  Center  rotorcraft  research  program.  Some  of  the  highlights  of  these  research  efforts 
will  be  included  in  the  following  discussion. 

3.3  Wake  geometry 

There  is  an  increasing  demand  for  more  realistic  analytical  models  for  simulating  rotor  wake  flow. 

The  application  of  improved  wake  flow  calculation  methods  is  an  important  step  in  determining  the  blade 
unsteady  airloads  and  dynamic  response.  References  8,  9,  and  10  present  a  description  of  a  rotor  wake 
computer  program  which  is  now  under  development.  Figure  6  illustrates  the  type  of  wake  geometries  that 
can  be  produced  by  the  computer  program.  Basically,  the  rotor  wake  is  calculated  by  a  process  similar 
to  the  startup  of  a  rotor  in  a  free  stream.  An  array  of  discrete  trailing  and  shed  vortices  is 
generated.  Vortex  strengths  corresponded  to  stepwise  radial  and  azimuthal  blade  circulations,  and 
this  array  is  limited  to  an  arbitrary  number  of  azimuthal  steps  behind  each  blade.  The  remainder  of 
the  wake  model  for  each  blade  is  an  arbitrary  number  of  trailed  vortices.  Vortex  element  end  points  are 
allowed  to  be  transported  by  the  free  stream  and  vortex-induced  velocities.  Wake  geometries,  wake  flows, 
and  wake  induced  velocity  influence  coefficients  for  use  in  blade  loads  calculations  are  determines. 

Wake  geometries  can  be  calculated  for  various  rotor  configurations,  including  rotor  systems  having 
shaftwise  separation,  nonuniform  azimuth  spacing  (as  in  Figure  6),  counter-rotating  blades,  and  rotors 
with  blade  length  and  other  physical  Hifferences . 

The  computer  program  presented  in  Reference  10  also  includes  a  blade  loads  program  which  allows 
the  computation  of  the  response  of  flexible  rotor  blades  to  the  applied  airloads.  The  wake  geometry  and 
blade  response  computer  program  was  initially  developed  for  level-flight  conditions.  It  has  recently 
been  extended  to  handle  steady-state  maneuvers.  In  addition,  the  level-flight  wake  program  is  now  being 
coupled  to  the  rotor-blade/control-system  dynamic-response  computer  program  reported  in  References  11 
and  12.  A  separate,  but  related,  analytical  investigation  of  the  influence  of  blade  flexibility, 
unsteady  aerodynamics,  and  variable  inflow  on  rotor  stall  performance  characteristics  is  reported  in 
References  13  and  14. 

3.4  Tip-vortex  flow 

One  of  the  primary  ingredients  of  the  rotor  wake  is  the  intense  tip-vortex  trailed  from  each  rotor 
blade.  In  order  to  gain  more  understanding  of  the  tip-vortex  flow,  a  number  of  in-house  and  contract 
studies  were  initiated.  The  in-house  effort  was  conducted  using  a  small  smoke  tunnel  to  study  the  flow 
in  the  immediate  vicinity  of  the  tips  of  semispan  wings.  Figure  7  illustrates  the  basic  tip-vortex 
formation  mechanism  for  a  conventional  rotor-blade  square  tip  shape.  The  formation  can  be  considered 
in  two  phases.  The  first  phase  is  the  formation  of  a  separation  vortex  along  the  streamwise  edge  of  the 
tip.  This  vortex  is  much  like  the  delta-wing  leading-edge  vortex  in  that  it  is  formed  by  the  separation 
of  a  vortex  sheet  from  beneath  the  blade  tip  and  reattachment  of  the  sheet  on  the  upper  surface.  The 
swirling  flow  formed  by  this  process  establishes  the  intense  core  of  the  tip  vortex,  with  a  core 
diameter  of  less  than  1/10  of  the  tip-chord  length.  Downstream,  behind  the  trailing  edge,  the  vortex 
sheet  shed  from  along  the  trailing  edge  is  drawn  around  the  separation  vortex  core  to  form  the  complete 
trailing-vortex  system. 

Following  some  additional  flow  visualization  studies,  reported  in  Reference  15,  detailed  tip-vortex- 
flow  measurements  were  made  using  a  three-axis  hot-wire  probe  (Reference  16).  This  work  was  similar 
to  the  wind-tunnel  investigation  of  Reference  17,  and  was  done  to  dotermine  scaling  methods  for  simulating 
full-scale  tip  vortices.  Figure  8  presents  some  of  the  results  of  this  investigation.  It  was  determined 
that  all  of  the  Mach  number  and  Reynolds  number  data  for  vortex  tangential  velocities,  axial  velocities 
and  core  size  could  be  collapsed  onto  curves  which  are  functions  of  vortex  age.  If  this  correlating 
parameter  can  be  shown  to  apply  for  vortex  ages  much  larger  than  those  of  Reference  16,  the  results  can 
also  have  significance  with  regard  to  the  scaling  of  the  fixed-wing  trailing-vortex  problem,  which  is 
now  under  intensive  study  by  all  segments  of  the  civil  aviation  industry. 
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3.5  Blade-vortex  Interactions 


The  next  phase  of  the  investigation  of  rotor  unsteady  airloads  was  concerned  with  how  the  trailing 
tip  vortices  interacted  aerodynamical ly  with  an  airfoil.  Experimental  and  analytical  investigations 
were  supported  by  grants  to  the  Pennsylvania  State  University  and  Massachusetts  Institute  of  Technology. 

The  results  of  portions  of  these  studies  are  presented  in  References  18  through  23.  An  example  of  the 
type  of  basic  data  obtained  in  these  investigations  is  shown  in  Figure  9,  taken  from  Reference  18. 

Figure  9  shot/s  the  variation  of  the  section  lift  coefficient  measured  as  the  single-blade  model  cuts 
through  the  vortex  center.  Section  lift  coefficient  peak-to-peak  variations  as  high  as  0.7  were 
moasured  in  time  intervals  of  1  millisecond.  This  time  interval  corresponds  to  a  blade  translation 
distance  of  1.15  chord  lengths.  Generally,  the  blade  must  move  8  to  10  chord  lengths  from  the  vortex 
before  the  influence  is  negligible.  This  will,  of  course,  depend  on  the  vortex  dimensions  and  the 
orientation  of  the  blade. 

At  the  time  of  the. original  oral  presentation  of  Reference  18,  noise  recordings  and  movies  of  the 
oscilloscope  display  of  the  pressure  pulses  caused  by  the  blade-vortex  interactions  were  presented.  The 
correlation  between  the  pressure-pulse  signature  and  the  blade  "slap"  noise  was  quite  apparent.  Since 
the  original  experimental  work  of  References  18  and  19,  additional  testing  and  analytical  correlation 
work  has  been  done  by  Penn  State  and  M.I.T.  under  various  sponsors.  Some  of  the  results  of  ^his  effort 
are  presented  in  Reference  24  where  very  good  analytical  cd^Wlafifih  $s  showrrfbr  the  BTdde-vortex 
interaction  impulsive  noise  measured  with  the  Reference  18  model. 

Besides  the  significance  of  the  type  of  data  shown  in  Figure  9  to  the  investigation  of  helicopter 
noise,  these  same  data  have  important  application  to  the  unsteady  airloads  problem  shown  in  Figure  5. 

In  some  situations  the  blade-vortex  interaction  will  become  severe  enough  to  induce  local-flow  separation 
and  result  in  dynamic  stall.  This  likelihood  is  noted  in  the  discussion  of  maneuver  loads  in  section  3.2 
of  this  paper.  In  order  to  investigate  the  dynamic-stall  mechanism  associated  with  blade-vortex 
interaction  an  analytical  study  was  initiated.  While  the  work  was  originally  aimed  specifically  toward 
vortex- induced  dynamic  stall,  it  became  apparent  that  the  required  analytical  formulation  contained 
all  the  ingredients  of  a  general  dynamic-stall  analysis  with  vortex-induced  dynamic  stall  as  a  special 
case 

3.6  Dynamic  stall 

The  dynamic-stall  analysis  development  is  aimed  at  unsteady  airloads  research  and  design  utilization, 
rather  than  helicopter  performance  prediction.  The  ability  to  predict  the  lift  and  pitching  moment  of 
new  airfoils  throughout  the  stall  regime  is  a  primary  aim  of  the  investigation.  By  including  rotor 
dynamics,  prediction  of  stall-flutter  characteristics  can  be  made.  The  dynamic  stall  induced  by 
interaction  with  tip  vortices  of  other  blades  can  also  be  calculated  by  combining  appropriate  dynamic-stall 
subprograms  with  the  rotor-free  wake  analyses. 

Reference  25  presents  the  initial  results  of  a  dynamic-stall  analytical  method  currently  under 
development.  This  study  has  produced  a  theoretical  model  that  predicts  most  of  the  features  of  dynamic 
stall  qualitatively.  The  components  of  this  incompressible,  two-dimensional  theory  are  shown  in 
Figure  10.  Below  stall,  the  laminar  separation  point  is  followed  by  a  separation  bubble.  After 
transition  to  turbulent  flow,  a  reattachment  region  leads  to  a  turbulent  boundary  layer.  The  viscous 
flow  is  solved  by  momentum  integral  techniques  which  require  many  empirical  relations  and  outright 
assumptions.  After  stall,  the  separation  region  is  assumed  to  be  at  constant  pressure,  and  it  is 
modeled  by  putting  sources  and  sinks  in  the  potential  flow.  The  potential  flow  is  a  linear  theory  for 
a  flat  plate,  but  with  a  correction  term  to  account  for  leading-edge  radius.  The  vortices  shed  from 
the  trailing  edge  are  explicitly  included,  but  the  effect  of  the  vortices  shed  from  the  leading  edge  is 
accounted  for  by  the  region  of  constant  pressure. 

The  important  sources  of  uncertainty  in  the  present  model  are  the  expansion  and  contraction  of  the 
constant-pressure  regions,  the  point  of  transition  in  the  separation  bubble,  stall  criteria,  the  pressure 
distribution  near  the  leading  edge,  and  the  process  of  recovery  from  stall.  The  greatest  asset  of  the 
model  is  the  inclusion  of  the  effect  of  the  viscous  regions  on  the  potential  flow.  This  strong 
interaction  of  viscous  and  potential  flow  is  achieved  by  matching  pressures.  The  results  show  that  a 
weak  interaction  theory  would  be  inadequate  in  the  stall  regions. 

This  model  has  made  several  significant  contributions  towards  a  better  description  of  dynamic  stall. 

It  bar.  been  applied  to  the  case  of  blade-vortex  interaction  discussed  in  sections  3.2  and  3.5.  The 
response  to  the  spacing  of  these  vortices  had  been  qualitatively  defined.  The  analytical  method  is 
presently  being  applied  to  model  the  pitch-plunge  stall  flutter  of  an  isolated  airfoil.  Further  improve¬ 
ments  will  be  made  to  the  analytical  model,  and  it  will  be  incorporated  into  a  helicopter  performance 
program.  Another  achievement  of  this  model  is  the  integration  of  the  essential  components  of  dynamic 
stall.  Boundary- layer  experts  should  r.o  longer  ignore  the  strong  interaction  with  potential  flow.  The 
ability  of  the  potential-flow  theory  in  representing  an  essential  part  of  the  problem  is  shown  to  be 
inadequate;  elegant  piecemeal  analyses  have  been  superseded  by  a  less  sophisticated,  but  more  complete, 
model.  The  model  also  highlights  several  areas  that  are  not  well  understood.  The  role  of  the  separation 
bubble  in  transition  and  stall,  the  entire  turbulence  model  in  separated  flow,  and  the  process  by  which 
the  airfoil  unstalls  are  areas  of  ignorance. 

A  new  model  of  dynamic  stall  is  being  developed,  under  a  research  contract  by  R.  E.  Olson  and 
S.  J.  Shamroth  of  United  Aircraft  Research  Laboratories.  It  will  be  designed  to  help  remedy  the  major 
deficiencies  of  the  theory  of  Reference  25  up  to  the  stall  point.  It  will  later  be  extended  to  strong 
interaction  so  that  the  complete  dynamic-stall  loop  can  be  calculated.  The  analysis  will  be  valid  for 
an  airfoil  of  arbitrary  shape  with  a  distorted  wake,  but  it  will  be  limited  to  two-dimensional, 
incompressible  flow.  The  components  of  the  analysis  are  indicated  in  Figure  11.  The  regions  of  separated 
and  stagnation  point  flow  will  be  found  by  solving  the  unsteady  Navier-Stokes  equation  by  the  method  of 
Reference  26.  In  regions  where  it  is  obvious  that  the  boundary- layer  assumptions  are  valid,  the  Navier- 
Stokes  equations  will  be  simplified  to  parabolic  form.  The  viscosity  in  transitional  or  turbulent  flow 
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will  be  based  on  the  turbulent  kinetic  energy  as  in  Reference  27.  Preliminary  results  show  good 
agreement  with  experiment  for  transitional  flow  in  a  small  separation  bubble.  The  inviscld-flow 
solution  of  J.  P.  Giesing  (Reference  28)  will  be  utilized. 

When  the  Navier-Stokes  equations  describe  the  flow  near  the  body,  there  is  no  need  to  construct 
a  preconceived  model  of  the  flow  over  the  upper  surface.  If  vorticity  or  stagnant  flow  passes  over  the 
upper  surface,  the  solution  will  describe  it.  This  advantcge  is  purchased  by  greatly  increased 
computational  complexity.  There  is  also  a  problem  in  setting  the  boundary  between  the  viscous  and  inviscid 
flow.  This  will  involve  the  stability  and  accuracy  of  the  Navier-Stokes  solution  over  large  separated 
regions.  A  model  for  the  relationship  between  the  thick  wake,  the  inviscid  model  of  the  wake,  and 
airfoil  circulation  must  be  constructed.  Another  problem  will  be  the  calculation  of  the  turbulent  shear 
stresses  in  the  separated  regime. 

3.7  Transient  Mach  number 


H-34  helicopter  rotor-blade  pressure  data  (Reference  29)  were  reviewed  in  detail  to  determine  the 
influence  of  transient  Mach  number  on  unsteady  airloads.  The  data  were  obtained  for  selected,  single 
rotor  revolutions  at  a  fixed  tip-speed  ratio  -  but  with  various  advancing  tip  Mach  numbers  (that  is, 
rotor  operational  advancing  tip  Mach  number  at  r/R  ■  1.0  and  tp  >  90°).  Typical  time  histories  for 
the  chordwise  pressure  transducers  at  the  95%  radius  station  are  shown  in  Figure  12.  Both  sets  of  data 
are  at  a  tip-speed  ratio,  p,  of  0.28  and  the  same  gross  weight.  The  time  histories  on  the  loft  are  for 
a  rotor  advancing  tip  Mach  number  of  0.74  and  on  the  right  for  0.82.  The  pressure  pulse,  which  appears 
in  the  right  hand  traces  for  X/C  values  of  0.233  and  0.33S,  are  the  result  of  the  transient  shock 
front  moving  back  and  forth  over  the  upper-surface  pressure-transducer  orifices.  These  pressure-pulse 
signatures,  which  are  essentially  superimposed  on  the  basic  pressure  time  histories  at  the  left  of 
Figure  12,  changed  in  a  logical  fashion  as  the  rotor  advancing  tip  Mach  number  operating  condition 
was  varied  while  holding  a  constant  tip-speed  ratio. 

The  movement  of  the  shock  front  at  the  95%  radius  station  is  shown  in  the  lower  portion  of  Figure  13. 
The  shock  moves  onto  the  blade  at  approximately  20°  azimuth  and  appears  to  reach  its  most  aft  position 
at  100°  azimuth.  It  then  moves  forward  and  off  the  blade  leading  edge  at  about  190°  azimuth.  While 
the  precise  start  and  stop  of  the  shock  movement  i3  difficult  to  establish,  the  shock  movement  over  the 
midchord  region  was  clearly  evident.  The  upper  sketch  in  Figure  13  indicates  the  maximum  aft 
excursion  of  the  shock  front  over  the  outer  blade  surface  determined  from  pressure-time  histories  at 
the  9S%,  90%,  85%,  and  75%  radial  stations.  The  maximum  aft  movement  of  the  shock  in  this  case  occurred 
when  the  blade  was  at  100°  azimuth  position.  The  impulsive  loading  associated  with  the  local  transient 
Mach  number  variation  causes  a  noseup  blade  torsional-moment  response  and  a  normal-force  impulse  of 
approximately  900  N  (approximately  200  lbf)  for  a  duration  of  less  than  50  milliseconds.  This  introduces 
nonlinearities  in  blade  pitch-control  requirements  and  slight  changes  in  rotor-trim  requirements  to 
accommodate  the  Mach  number  effects. 

Additional  transient  Mach  number  data  from  flight  tests  of  the  CH-53  and  NH-3  helicopters  are 
currently  being  analyzed.  This  type  of  data  has  a  number  of  important  applications.  Reference  30 
presents  transient  Mach  number  effects  as  the  source  of  rotor-blade  self-cxcited  oscillations  at  high 
subsonic  Mach  numbers.  In  addition,  the  H-34  airloads  data  indicate  that  any  analytical  treatment  of 
rotor  sound  radiation  must  include  the  normal-force  impulse  in  addition  to  the  usual  drag-rise 
considerations  and  the  fact  that  the  airfoil  is  accelerating  at  a  speed  near  to,  but  less  than,  the 
speed  of  sound  (Reference  31). 

3.8  Tip  shape 

Various  means  of  alleviating  blade-vortex-interaction  unsteady  airloads  are  under  study  in  the 
industry.  These  include  reducing  the  intensity  of  the  vortex  during  the  formation  stage  by  suitable 
tip-shape  modifications,  and  inducing  turbulent  mixing  and  flow  instabilities  in  the  vortex  flow  so  that 
rapid  decay  of  the  trailing-vortex  system  will  take  place.  The  latter  approach  is  being  investigated 
under  Army,  Navy  and  NASA  sponsorship  of  research  with  the  mass-injection  blade-tip  concept  reported  in 
Reference  32.  Initial  full-scale  rotor  testing  of  this  active  dissipation  concept  will  be  conducted  on 
the  whirl  tower  at  Langley  Research  Center  in  the  fall  of  1972. 

An  alternate,  passive  approach  for  tip-vortex  diffusion  is  to  modify  the  formation  mechanism  in 
some  manner  by  use  of  a  special  tip  shape.  A  number  of  investigations  of  tip  shapes  have  been  underway 
throughout  the  industry.  One  of  the  shapes  being  investigated  at  the  Langley  Research  Center  is  the 
ogee  tip  shape.  A  sketch  of  the  tip-shape  planform  and  the  tangential  velocity  data  from  Reference  16 
are  presented  in  Figure  14.  The  tip  thickness  distribution  is  identical  to  the  chord  distribution, 
resulting  in  a  fixed  airfoil  section  over  all  but  the  extreme  tip,  where  the  airfoil  section  transitions 
to  an  elliptical  shape.  The  square-tip  data  are  repeated  from  Figure  8  for  comparison  purposes.  The 
semispan  wing  tests  were  conducted  using  the  same  planform  area  for  the  square-tip  wing  and  the  ogee-tip 
wing.  The  maximum  tangential  velocities  in  the  vortex  core  are  reduced  below  those  for  a  square  tip  by 
a  factor  of  4.  The  data  also  show  that  significantly  more  time  is  r*quired  for  the  vortex  formed  by  the 
ogee  tip  to  roll  up  completely  and  develop  its  maximum  tangential  velocity.  The  core  diameter  of  the 
vortex  from  the  ogee  tip  was  substantially  larger  than  that  from  the  square  tip  and  it  was  not  well 
defined.  In  addition,  the  diffuse  tip  vortex  of  the  ogee  tip  did  not  show  any  significant  axial  velocity 
trends.  The  formation  process  of  the  ogee-tip  vortex  is  more  analogous  to  the  rollup  of  a  trailing  vortex 
sheet  than  to  the  formation  of  a  conventional  tip  vortex.  This  suggests  that  the  elimination  of  the 
separation  vortex  mechanism  (Figure  7),  which  was  the  goal  of  the  ogee-tip  design,  was  substantially 
achieved.  The  concentration  mechanism  associated  with  the  interaction  of  the  intense  core  of  the 
separation  vortex  and  the  vortex  sheet  shed  from  the  trailing  edge  is  no  longer  present.  This  allows 
a  more  gradual  and  diffuse  rollup  of  the  tip-vortex  system.  After  correcting  the  lift-to-drag-ratio 
data  for  differences  in  aspect  ratio,  the  ogee-tip  wing  had  a  slight  (approximately  5%)  improvement  in 
efficiency  over  the  square-tip  wing. 
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A  number  of  exploratory  flow  visualization  studies  have  been  conducted  using  the  ogee  tip  shape  on 
smaW-scale  rotor  models.  Figure  IS  shows  some  typical  results  of  schlieren  photography  studies  of  a 
two-bladed,  0.4  m  (1.3  ft)  diameter,  rotor  model  operating  in  a  hover  mode  at  a  tip  Mach  number  of  0.69. 

The  intense  tip  vortex  core  helix  can  be  seen  for  the  square-tip  model.  The  intensity  of  the  tip  vortex 
is  considerably  reduced  for  the  ogee-tip  model  so  that  it  is  no  longer  visible  in  the  schlieren  photograph 
on  the  right  of  Figure  15. 

A  full-scale  UH-1H  helicopter  two-bladed  rotor  system  is  presently  being  modified  at  the  Langley 
Research  Center  to  install  the  ogee  tip  shape.  An  exploratory  flight  test  will  be  conducted  to  determine 
whether  the  reduction  in  tip-vortex  intensity  demonstrated  in  the  wind-tunnel  tip-shape  tests  and  the 
model  rotor  schlieren  studies,  will  actually  result  in  a  reduction  in  blade-vortex  interaction  unsteady 
airloads  and  blade-slap  noise. 

3.9  Variable-geometry  rotor 

A  rotor  concept  that  evolved  from  research  into  the  problem  of  blade-vortex  interaction  is  shown 
in  Figure  16.  The  basic  objective  of  the  variable-geometry  rotor  is  to  gain  some  control  over  the  way 
tip  vortices  and  following  blades  interact  aerodynamical ly  and  dynamically.  The  configuration  is 
essentially  composed  of  two  co- rotating  conventional  rotor  systems  -  one  upper  and  one  lower,  with  three 
or  more  blades  each  -  that  can  be  phased  in  azimuth  position  relative  to  one  another.  This  phasing  would 
ultimately  be  controlled  in  flight  in  order  to  achieve  optimum  phasing  of  blade  forces  at  the  hub,  and 
to  minimize  the  blade-vortex  interactions  for  a  given  flight  condition.  The  research  investigation  will 
include  documentation  of  the  influence  of  differential  blade  radius,  differential  collective  and  cyclic 
pitch,  and  vertical  spacing  in  addition  to  the  aerodynamic,  dynamic  and  acoustic  effects  of  azimuthal 
phasing  between  rotors.  The  analytical  study  of  these  rotor  configurations  utilizes  the  wake  program 
discussed  in  section  3.3. 

Some  of  the  initial  model  test  results  are  shown  in  Figure  17.  Hovering  performance  and  flow 
visualization  tests  were  conducted  using  a  1.2m  (4  ft)  diameter  six-bladed  rotor  system.  These  tests 
were  conducted  at  United  Aircraft  Research  Laboratories  with  equipment  similar  to  that  used  in  tha 
investigation  of  Reference  S.  The  results  of  the  performance  tests  indicate  that  by  changing  from  a 
conventional  six-bladed  configuration,  with  all  blades  in  the  same  disk  plane,  to  an  arrangement  where 
every  other  blade  is  raised  vertically  a  distance  of  two  chord  lengths,  the  thrust  is  increased  by 
approximately  7%  at  high-thrust  conditions  (or  the  torque  is  reduced  by  lit  for  a  flxed-thiv  •  condition). 

Most  of  the  performance  increase  resulting  from  vertical  spacing  was  achieved  with  only  one  w.:ord  length 
vertical  spacing.  Increasing  vertical  spacing  from  one  to  two  chord  lengths  and  changes  in  azimuth 
spacing  has  secondary  effects  on  the  hover  performance  gains. 

The  aerodynamic  mechanism  involved  in  the  performance  increase  is  the  manner  in  which  the  trailing 
tip  vortices  interact  with  each  other  and  with  the  following  blades.  Figure  18  shows  sample  tip-vortex 
coordinntes  for  the  configuration  that  showed  performance  improvement  in  Figure  17.  (Note  that  the 
blade  vertical  spacing  depicted  in  Figure  18  is  not  to  scale.)  In  a  conventional  six-bluded  rotor, 
with  all  blades  in  the  same  disk  plane,  the  tip  vortex  tends  to  trail  back  in  the  disk  plane  (see 
Reference  S)  to  the  following  blade  and  induce  tip  stalling  at  high  thrust  conditions.  Nith  vertical 
spacing  between  alternate  blades,  and  a  rotor  phasing  of  30*,  the  upper-blade  tip  vortex  passes  over  the 
following  blade  and  then  is  drawn  down  beneath  the  next  blade  pair  as  a  result  of  interacting  with  the 
lower-blade  tip  vortex.  The  net  result  is  a  delay  in  the  onset  of  tip  stalling  induced  by  blade  -  vortex 
interaction.  Model  tests  are  continuing  with  wind-tunnel  tests,  and  plans  call  for  conducting  whirl- 
tower  tests  of  a  full-scale  rotor  to  verify  the  model  hover  performance  results. 

The  rotor  systems  currently  under  investigation  are  exploratory  rosearch  rotors  and,  in  some  cases, 
may  pose  special  hardware  design  difficulties  in  practical  application.  However,  some  of  the  more 
promising  configurations  will  be  selected  for  full-scale  flight  testing  with  the  NASA/Army  Rotor  Systems 
Research  Aircraft  currently  under  development  at  the  Langley  Research  Center.  Preliminary  design  studies 
indicate  that  two,  three-bladed,  co-rotating  rotors  with  vertical  separation  of  one  ic  two  chord  lengths 
and  with  in-flight  control  of  azimuth  phasing  between  rotors  can  be  fabricated  without  difficulty. 

3.10  Additional  research 


With  the  increased  emphasis  on  civil  and  military  helicopter  utilization,  Langley  Research  Center 
in-house  rotorcraft  research  effort  is  expanding.  While  a  major  portion  of  the  research  summarized 
above  has  been  accomplished  with  contrac1,  support,  an  increasing  amount  of  in-house  research  is  being 
initiated.  Flight  tests,  whirl-tower  tests,  instrumentation  development,  airfoil  development, 
wind-tunnel  tests  of  rotor  models  and  development  of  special  research  equipment  are  now  being  initiated 
with  the  availability  of  more  NASA  and  Army  manpower  and  funding. 

Development  of  special  rotor  instrumentation  has  progressed  to  the  flight  demonstration  phase.  This 
system  allows  in-flight  data  acquisition  of  digitized,  high  frequency,  rotor-blade  pressure  data  whi'ch 
can  be  transmitted  by  a  telemetry  data  link  directly  from  the  rotor  hub  to  a  ground  station.  Special 
schlieren,  laser  Doppler  velocimeter,  and  hot-wire  anemometry  systems  are  being  developed  for 
application  to  wind  tunnel  and  whirl  tower  rotor  wake  flow  data  acquisition.  Research  models  under 
development  include:  (1)  a  general  rotor-research  model  for  use  in  the  Langley  V/ST0L  tunnel,  (2)  a 
general  rotor  stall-flutter  model  for  use  in  the  transonic  dynamics  tunnel,  (3)  a  special  model  to  study 
the  isolated  effects  of  yawing  oscillation  on  airfoil  unsteady  aerodynamics,  (4)  an  oscillatory  wing  model 
to  study  the  dynamics  of  unsteady  tip-vortex  flow,  and  (5)  a  large  scale  airfoil  pitching  lacility  to 
simulate  rotor  airfoil  angle-of-attack  ti  e  histories  and  to  investigate  airfoil  stall  flutter.  Wind- 
tunnel  tests  are  continuing  to  study  and  document  the  tail-rotor  aerodynamics  (Reference  33).  Research 
is  also  continuing  in  the  area  of  airfoil  noise  generation  for  unsteady  (Reference  34)  and  steady  flow 
conditions. 


Analytical  studies  planned  will  proceed  to  more  sophisticated  unsteady  boundary- layer  analyses  for 
utilization  In  the  dynamic-stall  computer  programs.  In  the  area  of  fundamental  fluid  mechanics,  a  research 
grant  has  been  Initiated  with  Michigan  State  University  to  explore  the  application  of  Dr.  Krzywoblocki 's 
wave  mechanics  theory  of  turbulence  (Reference  3S)  to  the  fundamental  flow  mechanisms  encountered  In 
rotor  unsteady  aerodynamics.  If  this  work  is  successful,  the  wave  mechanics  theory  of  turbulence  could 
have  important  and  far  reaching  application  to  the  general  field  of  unsteady  aerodynamics  and  turbulent 
flow. 

4.  CONCLUDING  REMARKS 

The  state  of  the  art  of  rotor  unsteady  airloads  appears  to  have  moved  beyond  the  stage  of  problem 
identification  and  into  a  period  of  theorotical  development,  careful  experimental  documentation,  and 
semi-empirical  analytical  modeling.  The  attention  being  given  rotor  unsteady  aerodynamics  by  Government 
and  industry  researchers  is  increasing  along  with  the  general  trend  toward  increased  civil  and  military 
utilization  of  rotary-wing  aircraft.  However,  there  is  a  great  deal  to  be  accomplished  before  the 
required  design  analyses  capabilities,  such  as  generalized  design  methods  and  meaningful  design  criteria, 
are  available  to  tne  industry  as  a  whole.  The  next  essential  step  in  the  development  of  these  capabilities 
appears  to  be  the  careful  experimental  verification  of  the  numerous,  and  increasingly  complex,  analytical 
tools  that  are  being  developed,  and  sometimes  hastily  implemented,  as  digital  computers  with  ever 
increasing  capacity  and  speed  become  available. 

The  joint  NASA/Army  rotorcraft  unsteady  airloads  research  program  at  Langley  Research  Center  has 
been  concentrated  in  the  area  of  wake-geometry  prediction,  tip-vortex  flow,  blade-vortex  interaction, 
dynamic  stall,  and  transient  Mach  number  investigations.  Some  methods  for  the  alleviation  of  rotor 
unsteady  airloads  problems  are  being  investigated,  including  tip-shape  studies  and  variable-geometry  rotor 
research.  Additional  efforts  in  instrumentation  development,  rotor  model  wind-tunnel  tests,  and 
exploratory  flight  testing  are  underway.  Future  plans  call  for  development  of  special  reserach  rotor-j 
for  investigating  unsteady  aerodynamics  and  verifying  analytical  methods  in  flight  by  utilizing  the 
NASA/Army  Rotor  Systems  Research  Aircraft. 
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Prepared  Comments  on  Paper  10 

by 

Wayne  Johnson 

US  Army  Air  Mobility  R  &  D  Laboratory 
Moffett  Field,  California 


This  article  is  a  review  of  the  theme  paper  on  rotor  unsteady  aerodynamics,  by  John  F.Ward  and  Warren  h. 
Young,  Jr.  A  specific  point  is  to  be  made  in  the  course  of  the  review,  a  point  about  the  direction  rotary  wing 
unsteady  aerodynamic  research  is  taking,  and  the  direction  it  is  suggested  it  should  go. 

The  introduction  gives  the  theme:  “Understanding  the  source  of  unsteady  airloads  and  developing  verified 
prediction  methods.”  The  paper  proceeds  to  discuss  the  problem  in  general,  the  status  and  direction  of  the  state  of 
the  art,  and  then  some  examples  of  the  work  being  done  in  this  field,  for  example  in  dynamic  stall,  wake  geometry, 
and  blade/vortex  interaction. 

Consider  Figure  2  in  the  paper,  which  is  referred  to  in  Section  2.2  on  the  state  of  the  art.  There  is  a  feature 
of  the  figure  which  makes  it  very  representative  of  the  direction  aerodynamic  research  is  taking;  the  figure  indicates 
the  direction  from  present  capability  to  current  effort  to  needed  effort  is  always  toward  more  and  more  complex 
models.  Perhaps  it  is  only  meant  that  more  complex  problems  are  to  be  considered,  but  what  follows  in  the  paper 
indicates  otherwise.  In  the  same  section  the  paper  points  out  a  trend  to  more  complex  computer  programs  for 
aeroelastic  problems,  the  trend  being  attributed  to  the  availability  of  larger  computers.  No  criticism  of  this  trend 
is  made  really,  although  there  is  a  tone  of  regret  in  the  statement,  rather  it  just  points  out  that  the  theory  output 
is  becoming  much  like  experimental  data  in  terms  of  the  reduction  and  interpretation  required.  There  is  another 
facet  to  this  trend  however:  an  inclination  to  always  be  putting  the  latest  theory  available  from  the  state  of  the  art 
into  a  computer  program  of  ever  increasing  complexity,  and  giving  no  consideration  to  the  other  work  required  to 
extend  the  state  of  the  art.  What  is  missing  is  a  consideration  of  extending  the  basic  aerodynamic  theory,  the 
research  base  for  the  theory  which  must  go  into  these  programs.  Much  of  the  work  building  complex  programs  is 
being  done  in  industry,  where  it  is  necessary  and  appropriate,  and  the  resources  for  basic  research  limited;  but  the 
influence  of  this  trend  away  from  basic  research  also  appears  throughout  the  work  on  unsteady  aerodynamics 
reported  in  the  paper. 

The  important  implication  of  this  for  unsteady  aerodynamics  is  that  it  is  the  wrong  kind  of  modelling  to 
obtain  the  stated  goals  of  increased  understanding  and  verified  prediction  methods.  The  kind  of  modelling  suggested 
takes  whatever  is  available  in  the  state  of  the  art,  in  the  basic  disciplines  of  aerodynamics,  dynamics,  and  structures, 
and  builds  a  very  complex  and  interactive  structure,  the  attempt  being  to  solve  the  complete  problem  of  helicopter 
behaviour  at  once.  This  is  an  appropriate  direction  for  industry,  where  what  is  desired  is  a  design  and  development 
tool,  and  in  fact  currently  most  such  programs  are  found  in  industry.  However  such  a  procedure  cannot  rise  above 
its  foundations  in  the  basic  theory;  it  is  always  limited  by  the  development  of  the  state  of  the  art  used  as  the  base. 
This  kind  of  modeling  has  had  a  great  influence  on  the  current  approach  to  rotor  aerodynamic  problems.  Much  of 
the  work  concentrates  on  putting  together  the  elements  in  the  current  state  of  the  art  in  an  attempt  to  solve  these 
aerodynamic  problems.  Such  a  procedure  is  quite  appropriate  in  putting  together  a  model  of  the  vehicle,  for  use  in 
current  design,  aiming  at  a  model  that  is  the  best  possible  within  current  levels  of  the  state  of  the  art.  It  must 
however  fail  in  an  attempt  to  model  new  aerodynamic  problems,  because  the  reason  they  are  new  is  that  the 
current  state  of  art  is  not  sufficient,  and  to  handle  them  it  is  first  necessary  to  build  a  new  base  in  fundamentals 
for  the  mathematical  model.  That  is  what  is  not  being  done. 

There  is  yet  another  implication  in  this  trend.  This  kind  of  modelling  is  orientated  toward  putting  together 
many  pieces,  then  predicting  the  general  influences  on  helicopter  behaviour;  as  the  paper  puts  it,  there  is  then  an 
increasing  separation  of  cause  and  effect,  by  filtering  through  a  big  computer  program.  Again,  the  authors  do  not 
appear  happy  with  this  situation,  but  there  is  no  real  criticism  of  it.  There  is  a  criticism  to  make  though:  for  work 
on  the  fundamental  problems  in  rotor  unsteady  aerodynamics,  this  influence  leads  to  some  confusion  of  the  aero¬ 
dynamic  phenomenon  and  its  effects  on  the  rotor.  It  leads  to  a  tendency  to  consider  prediction  of  the  effects  as 
verification  of  the  model,  and  this  again  possibly  precipitates  a  premature  effort  to  put  together  a  complex  model 
before  truly  adequate  and  verified  elements  are  available.  The  predictions  of  the  effects  on  the  helicopter  are  of 
course  the  goal,  but  it  should  be  the  last  step,  not  the  first.  The  first  step  must  be  attention  to  the  aerodynamic 
phenomenon  itself,  to  isolate  it.  model  it.  study  it.  measure  it;  and  for  most  of  the  problems  confronting  unsteady 
helicopter  aerodynamics,  this  requires  extensive  basic  research.  It  is  not  meant  to  imply  that  the  study  of  possible 
effects  using  the  current  state  of  the  art  is  not  necessary,  in  fact  it  is  extremely  useful;  but  that  is  not  to  be  viewed 
as  basic  research  into  the  aerodynamic  problems,  that  is  required  for  true  understanding  and  prediction  capability, 
for  it  can  never  rise  above  the  base  on  which  it  was  built. 

In  the  steps  ascribed  to  the  state  of  the  art  progression,  it  is  mathematical  modelling  at  which  the  .rend 
reported  in  the  theme  paper  and  the  direction  advocated  here  diverge  The  claim  is  made  that  in  the  last  decade 
the  problems  in  rotor  unsteady  aerodynamics  have  been  identified  It  is  unlikely  that  all  have  indeed  been  found, 
that  would  imply  a  level  of  understanding  far  above  current  capability .  but  certainly  some  new  and  very  interesting 
ones  Have  appeared  and  some  detailed  measurements  are  now  being  made  of  these  aerixly  ruimc  phenomena  The 


paper  then  states  that  "mathematical  models  are  also  being  developed  in  an  attempt  to  duplicate  the  observed  flow 
behavior",  but  these  attempts  in  many  cases  will  not  be  successful  in  achieving  the  goals  of  understanding  and  pre¬ 
dicting  the  phenomena,  because  of  the  lack  of  attention  to  the  basic  research  which  is  required  for  a  foundation  for 
such  theoncs. 

Here  then  is  the  point  this  review  is  to  make:  influenced  by  the  practice  in  the  helicopter  industry  of  construc¬ 
ting  out  of  the  state  of  the  art  more  than  more  complex  programs  to  predict  helicopter  behavior,  theoretical  work 
on  the  problems  of  rotor  unsteady  aerodynamics  tends  in  many  cases  to  follow  a  similar  line,  not  giving  attention 
to  the  basic  research  which  is  required  before  a  new  phenomenon  may  be  adequately  treated.  The  bulk  cf  the 
theme  paper  is  devoted  to  examples  of  current  research  in  rotor  unsteady  aerodynamics,  and  these  examples  serve 
quite  well  also  to  illustrate  the  above  statement. 

First  consider  the  results  of  the  meeting  on  dynamic  stall.  There  is  a  shift  toward  a  more  detailed  study  of 
the  problem,  as  the  paper  recognizes.  However,  most  of  the  suggestions  are  orientated  toward  the  approach  of  trying 
to  fit  the  experimental  data  with  the  pieces  of  the  current  state  of  the  art;  the  implications  of  several  of  the  points 
(1,  3,  6,  9,  1 1,  12)  are  of  most  interest  when  consideration  is  given  to  their  sources.  Points  9  and  10  are  really  the 
influences  of  rotor  dynamics  in  the  stall  problem,  not  questions  of  the  basic  nature  of  dynamic  stall  as  an  aero¬ 
dynamic  phenomenon;  this  distinction  is  not  made,  and  it  reflects  the  confusion  of  the  aerodynamic  problem  and 
its  effects,  a  confusion  which  must  be  eliminated  before  progress  can  be  made  with  either. 

Section  2.3  on  future  research  states  that  "emphasis  should  be  placed  on  efforts  to  verify  the  mathematical 
models  being  developed.  Many  individual  tools  will  have  to  be  combined  and  compared  with  data  obtained  from 
complete  rotor  systems”.  The  implication  is  that  the  state  of  the  art  of  basic  research  is  at  a  sufficient  level  to 
allow  the  construction  of  a  mathematical  model  of  the  aerodynamic  problems  integrated  into  the  complete  system, 
and  that  the  understanding  of  the  problem  has  developed  far  enough  that  it  is  possible  to  check  out  the  models  of 
these  aerodynamic  phenomena  through  their  effects  on  the  entire  rotor,  i.e.  filtered  through  all  the  other  dynamic 
and  aerodynamic  characteristics  of  the  rotor.  The  true  level  is  far  from  that,  for  these  are  new  problems  which 
require  additional  basic  research,  which  with  the  current  directions  will  not  be  soon  available.  The  problems  in 
rotor  unsteady  aerodynamics  discussed  in  the  paper  -  notably  wake  geometry,  vortex  behavior,  voitex/blade  inter¬ 
action,  and  dynamic  stall  -  are  new  enough  and  complex  enough  that  they  will  require  considerable  investigation  as 
isolated  phenomena  first,  before  solutions  are  available  for  integration  int.*  general  programs.  In  fact,  even  the  basic 
elements  of  these  problems  may  require  additional  study.  A  good  example  is  dynamic  stall;  before  even  model 
problems,  such  as  a  two-dimensional  oscillating  airfoil,  may  be  successfully  attacked  theoretically,  study  of  even 
more  basic  areas  such  as  leading  edge  separation  bubbles  and  treatment  of  turbulence  may  be  required.  The 
emphasis  on  verifying  the  mathematical  models  with  complete  rotor  systems  shows  the  influence  of  the  trend 
toward  more  complex  prediction  programs  in  the  industry,  and  also  the  trend  to  look  at  the  effects  rather  far  re¬ 
moved  from  the  causes.  This  influence  is  also  shown  in  the  view  the  paper  takes  of  the  rotor  test  system  being 
built  for  the  Ames  Research  Center  40-  by  80-foot  wind  tunnel.  According  to  the  paper  “development  and  verifica¬ 
tion  of  analytical  methods  will  also  require  full  scale  rotor  testing”,  and  this  rotor  is  to  have  that  purpose. 

Certainly  the  rotor  test  system  will  be  used  for  that  when  such  methods  become  available,  but  as  a  researcher 
associated  with  the  40-  by  80-foot  tunnel,  it  is  this  author’s  observation  that  the  real  value  of  the  rotor  test  system 
will  be  its  flexibility  as  an  experimental  tool,  for  with  the  direction  much  current  research  on  rotor  aerodynamics 
is  taking  the  analytical  methods  the  paper  envisions  will  not  be  around  for  a  long  time.  It  is  doubtful  if  anything 
else  may  be  expected  of  the  flight  rotor  test  system. 

Consider  Section  3.3  on  wake  geometry;  the  paper  says  “there  is  an  increasing  demand  for  more  realistic 
analytical  models  for  simulating  rotor  wake  flow”.  However  the  work  reported  in  the  paper  does  not  seem  to 
really  seek  that.  The  efforts  of  Landgrebe  and  Scully  have  taken  the  basic  idea  -  of  calculating  the  self-induced 
Jtalitftkj  r  J  d*'  wstu  ulingJjajLiwIal  flow  snJuu-J  ti-kxUy  -  qaiil  W  fcm  U  u  mvurfng  k>  be  ’HlulSdi  i  fcg 
itself  to  improve  airloads  calculations.  There  is  much  more  to  be  done  now  in  terms  of  basic  research,  but  there 
are  few  efforts  to  treat  the  more  complex  problems  of  wake  geometr.  calculation.  The  purpose  of  the  programs 
reported  in  the  paper  is  not  entirely  clear,  although  they  are  evidently  finding  some  good  use  in  studying  some 
unconventional  vortex  wake  patterns  (Section  3.9).  What  is  clear  is  that  this  program  in  no  way  extends  the  basic 
theory  -  which  is  based  mostly  on  just  the  Biot-Savart  law,  one  of  the  oldest  elements  of  aerodynamic  theory. 
Fundamental  investigations  of  particular  value  to  helicopter  problems  would  be  work  on  the  distortion  of  a  vortex 
by  a  very  close  rotor  blade  or  another  vortex  (so  that  viscous  Pow  influences  are  important),  and  the  prediction 
of  the  vortex  geometry  from  the  blade  trailing  edge  to  the  encounter  with  the  following  blade  (where  a  very  high 
accuracy  is  required  for  good  airloads  predictions).  Also  important  are  questions  of  stability  and  steadiness  of  the 
vortex  wake,  especially  in  the  rotary  wing  environment  (the  helical  geometry  and  the  many  other  vortices  may  be 
expected  to  have  some  influence).  Such  extension  of  the  basic  theory  is  what  is  necessary  before  returning  to  wake 
geometry  calculations  to  try  again  for  better  results. 

The  vortex  studies  (Section  3.4)  also  illustrate  the  influence  of  the  points  of  this  review.  Some  excellent  work 
on  the  fundamentals  of  vortex  behavior  is  being  done  in  helicopter  engineering,  especially  detailed  measurements 
of  vortex  characteristics.  Interestingly,  the  impetus  for  the  basic  research  going  on  now  on  vortex  behavior  and 
character  in  most  cases  comes  not  from  helicopter  engineering  but  rather  from  fixed  wing  engineering,  particularly 
the  wake  turbulence  problem.  The  result  is  that  most  attention  is  given  to  the  fixed  wing  questions.  For  example, 
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theoretical  work  on  the  stability  of  tip  vortex  systems  usually  concentrates  on  the  fixed  wing  configuration  (two 
vortices  behind  a  wing  moving  at  a  uniform  velocity).  The  fixed  wing  case  is  the  appropriate  initial  model  to  be 
studied  even  for  rotary  wings,  but  without  a  definite  call  from  the  helicopter  industry  for  basic  research  the 
next  step,  to  rotary  wintf  studies,  will  not  be  taken  with  speed  and  resolution.  In  the  example  of  tip  vortex  stability, 
the  influence  of  the  high  curvature  and  all  the  other  spirals  needs  to  be  investigated,  especially  for  the  forward  flight 
cast.  Also,  it  will  eventually  be  necessary  to  perform  the  measurements  of  the  vortex  characteristics  behind  the 
rotating  wing,  while  that  seems  a  very  obvious  next  step,  the  considerations  of  a  well  defined  program  of  basic 
research  might  lead  to  a  different  conclusion.  For  example,  measurements  of  vortex  characteristics  behind  a  fixed 
wing  with  a  bound  circulation  distribution  more  like  that  of  a  helicopter  blade  might  be  more  appropriate  first 
The  work  being  done  now  will  be  of  considerable  use  to  helicopter  engineering,  but  unless  some  work  specifically 
orientated  to  helicopter  problems  is  done  engineers  will  be  faced  with  the  usual  uncertainties  of  transposing  the 
fixed  wing  results  to  the  rotary  wing  environment. 

An  interesting  facet  of  the  section  on  blade/vortcx  interaction  (Section  3.5)  is  that  some  of  this  author's  own 
work  is  being  quoted.  It  is  interesting  because  of  what  the  paper  does  and  does  not  say  about  the  work  and 
because  tiie  work  had  a  definite  influence  on  the  ideas  expressed  here.  This  work  (References  22  and  23  in  the 
paper/  chose  a  model  for  the  problem  (vortex/blade  interaction),  solved  the  model  problem,  verified  it  with  some 
available  experimental  data,  and  then,  only  then  applied  it  to  the  calculation  of  helicopter  airloads.  What  the 
paper  leaves  unsaid  is  that  the  result  of  i'ie  last  step  was  not  at  all  satisfactory,  although  it  at  least  gave  one  of  the 
building  blocks  which  will  be  required  in  the  future  to  construct  a  theory  that  will  give  accurate  airloads.  Two 
impressions  remain  from  the  conduct  and  results  of  this  work:  developing  a  basic  theory  first  can  result  in  a  tool 
that  significantly  affects  the  results  of  the  mathematical  model;  and  much  more,  very  much  more  of  this  basic 
research  is  needed,  in  this  one  area  alone.  The  basic  research  required  is  very  much  involved  with  problems  of 
vortex  character  and  behavior;  for  the  vortex-induced  airloads  problem  is  just  the  other  side  of  the  problem  of  the 
distortion  of  a  vortex  by  a  nearby  blade.  A  problem  of  immediate  interest  is  the  case  of  very  snrll  separation, 
when  the  viscous  flow  effects  of  both  the  vortex  and  wing,  and  the  detailed  geometry  of  the  wing  surface  and 
vortex  are  possibly  important.  This  problem  has  many  complex  ramifications,  including  vortex-induced  stall,  but 
by  studying  it  in  steps  some  useful  progress  should  be  possible.  Also  of  interest  is  the  problem  of  vortex-induced 
loads  near  the  blade  tip.  Problems  such  as  vortex  distortion  and  vortex  induced  loads  are  in  many  aspects  local 
aerodynamic  phenomena,  and  as  such  are  particularly  adaptable  to  separate  study  (at  least  at  first)  using  model 
problems. 

Consider  now  Section  3.6  on  dynamic  stall.  The  work  quoted  (Reference  25)  is  one  of  the  best  examples  in 
recent  helicopter  work  of  the  inevitable  fate  of  trying  to  solve  these  unsteady  aerodynamic  problems  without  an 
adequate  theoretical  base  to  build  on.  The  description  the  paper  gives  of  the  work  serves  well  to  make  this  point. 

On  the  method  of  the  dynamic  stall  theory  it  says  "the  viscous  flow  is  solved  by  momentum  integral  techniques 
which  require  many  empirical  relations  and  outright  assumptions”,  etc.;  “the  important  sources  of  uncertainty  in 
the  present  model  are  the  expansion  and  contraction  of  the  constant-pressure  regions,  the  point  of  transition  in  the 
separation  bubble,  stall  criteria,  the  pressure  distribution  near  the  leading  edge,  and  the  process  of  recovery  from 
stall”;  and  “the  role  of  the  separation  bubble  in  transition  and  stall,  the  entire  turbulence  model  in  separated  flow, 
and  the  process  by  which  the  airfoil  unstalls  are  areas  of  ignorance”.  The  one  thing  the  theory  is  quoted  as  showing 
is  the  importance  of  viscous/potential  flow  interaction  in  the  airfoil  aerodynamic  behavior,  especially  at  high  angle 
of  attack,  but  airfoil  designers  already  knew  that.  There  can  be  very  little  value  in  putting  together  a  mathematical 
model  with  such  shortcomings,  shortcomings  which  must  have  been  quite  evident  before  the  effort  even  started. 
Disregarding  all  these  limitations,  “further  improvements  will  be  made  in  the  analytical  model,  and  it  will  be 
incorporated  into  a  helicopter  performance  program".  So  even  now  the  thought  is  not  to  go  back  for  the  basic 
elements,  rather  to  push  on  to  integrate  this  program  into  still  larger  programs.  Putting  some  semi-empirical 
theories  of  dynamic  stall  into  rotor  performance  programs  has  been  a  significant  achievement  of  the  industry  in  the 
last  years;  but  that  did  not  solve  the  problem  of  understanding  and  predicting  dynamic  stall,  and  putting  an  entirely 
theoretical  model  into  a  performance  program  seems  quite  premature.  But  it  was  premature  to  even  construct  such 
a  theory,  for  the  required  theoretical  base  for  dynamic  stall  is  far  from  available.  The  basic  research  that  needs  to 
be  done  in  the  field  of  dynamic  stall  may  be  seen  in  the  limitations  of  the  stall  theories  discussed  in  the  paper;  the 
research  includes  work  on  separation  bubble  character  and  behavior,  stall  criteria  for  airfoils  (i.e.  treatment  of  the 
breakdown  of  the  boundary  layer  approximation),  treatment  of  turbulence,  and  recovery  from  stall.  Even  static 
stall  prediction  is  a  difficult  problem,  so  there  is  much  to  be  done  for  dynamic  stall.  Of  immediate  interest  for 
dynamic  stall  might  be  experimental  and  theoretical  work  on  the  separation  bubble,  particularly  the  transition  point 
and  turbulent  recovery  characteristics.  So  the  amount  of  required  basic  research  is  quite  tremendous,  and  the  heli¬ 
copter  engineer  will  not  be  able  to  wait  for  other  fields  to  provide  it  because  much  of  the  problem  is  unique  to 
helicopters.  The  other  dynamic  stall  efforts  discussed  in  the  paper  appear  to  be  much  the  same  sort  of  thing,  only 
more  expensive.  Again  there  is  not  the  required  basic  research  into  the  new  problems  of  aerodynamics  involved, 
but  rather  attempts  to  jump  right  into  the  the  complete  solution.  That  solution  often  seems  to  involve  now  solving 
the  complete  unsteady  Navier-Stokes  equations,  but  even  if  that  were  done  for  the  entire  flow  field  ii  would  not  be 
an  exact  solution,  of  course,  because  of  the  problem  of  handling  turbulence.  Surely  there  is  some  modelling  still 
possible,  and  at  least  some  attempts  should  be  made  to  find  it,  the  reward  in  understanding  and  capability  being 
so  much  greater  than  anything  that  can  come  out  of  such  solutions  as  discussed  in  the  paper. 
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The  conclusion  states  that  "the  state  of  the  art  of  rotor  unsteady  airloads  appears  to  have  moved  beyond  the 
stage  of  problem  identification,  and  into  a  period  of  theoretical  development,  careful  experimental  documentation, 
and  semi-empirical  analytical  modelling”.  Indeed  several  new  and  quite  important  problems  have  been  singled  out 
as  most  important  for  the  current  effort;  and  the  experimental  work  seems  to  be  doing  well  toward  solving  the 
problems  in  the  ways  it  can.  Much  of  the  theoretical  work  however  suffers  from  a  lack  of  attention  to  the  required 
basic  rerearch,  and  unless  some  changes  occur  another  decade  will  see  not  new  problems  but  these  same  old  ones. 

Much  of  the  work  described  in  the  paper  attempts  to  construct  models  of  these  new  problems  rrom  the  old 
state  of  the  art,  and  this  must  inevitably  fail.  First  it  is  necessary  to  build  the  new  bases  in  aerodynamic  theory 
required  by  these  new  problems,  then  it  will  be  possible  to  build  models  that  may  be  expected  to  more  accurately 
handle  the  prediction  of  rotor  behavior.  What  is  needed  is  a  new  direction,  a  new  orientation  of  helicopter  research 
in  these  problems  of  unsteady  aerodynamics.  What  has  happened  to  require  this  change  is  that  helicopter  engineer¬ 
ing  has  outrun  the  theoretical  basis  available  to  it  from  fixed  wing  work.  An  era  has  been  reached  where  the  aero¬ 
dynamic  basis  available  for  the  rotary  wing  is  no  longer  adequate  because  helicopter  engineering  is  now  concerned 
with  problems  that  are  in  many  cases  unique  to  the  helicopter  aerodynamic  environment.  The  need  now  is  for 
basic  research  into  these  problems,  and  it  will  not  be  possible  to  rely  on  fixed  wing  engineering  to  provide  it.  Then 
attention  may  return  to  integrating  these  problems  into  the  model  of  the  entire  helicopter  system.  The  real  problem 
with  the  wrong  direction  is  that  it  diverts  very  limited  resources  for  research  into  areas  which  in  some  cases  are 
simply  dead  ends,  or  at  least  much  less  useful  than  the  basic  research  would  be.  The  helicopter  industry  perhaps 
can  not  support  all  the  basic  research  it  needs,  even  just  in  the  area  of  unsteady  aerodynamics,  for  there  are  many 
complex  and  difficult  problems  involved.  There  is  however  always  something  that  can  profitably  be  done,  and  with 
limited  resources  it  becomes  even  more  important  that  the  available  effort  is  allocated  in  the  most  advantageous 
direction.  It  is  desired  to  impress  a  new  way  of  thinking  about  these  problems,  a  new  framework  within  which  to 
formulate  research  programs,  so  that  the  best  directions  available  may  be  found. 
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AERODYNAMIC  FORCES  COMPUTATION  AND  MEASUREMENT  ON  AN  OSCILLATING  AEROFOIL 
PROFILE  WITH  AND  WITHOUT  STALL 
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SOMMAIRE 

Afln  da  mieux  connattre  at  prdvoir  la..'  phdnomAnea  inatatlonnalraa  aur  las  pales  d'hdlicoptAres,  daa 
raoharohaa  da  baaa  aur  la  oaloul  at  la  maaura  daa  forcaa  adrodynamiquea  aur  profile  oaolllanta  ont  it d 
antraprlaaa  dapula  qualquaa  anndes  an  Franca.  Laa  mdthodea  aussl  blan  expdrlmentales  qua  thdoxlquws  sisea 
au  point  a  oa  aujat  font  l'objat  d'una  prdaentation  oritlqua.  Laa  problAmee  poada  par  la  ddoroohage  inata- 
tlonnaira  aont  plua  partlcullAraaant  ddveloppda.  Laa  rdoultata  obtanua  Juequ'A  prdsent  ooncernant  la  pro- 
fll  NACA  0012  |  11a  aont  analysis  an  fonotion  da  l'incldanea  moyenne,  da  l'amplltude  daa  oscillations,  da 
la  frdquence  rdduite  at  du  nombre  da  Mach.  Laa  ddveloppementa  future  prdvua  pour  amdliorer  lea  assures  at 
laa  caloula,  confrontds  avec  laa  rdeultata  expdrimentaux,  aont  dgmlement  expoads. 


SUMMARY 

In  order  to  know  batter  and  predlot  more  accurately  unateady  phenomena  on  helloopter  bladea,  baalo 
reaearch  work  on  computing  and  measuring  aerodynamic  forcaa  on  oscillating  aerofoil  profiles  was  started 
some  years  ago  in  Franca.  The  experimental  as  wall  as  theoretical  methods  that  have  bean  developed  are 
orltlcally  reviewed  |  the  problems  brought  up  by  unsteady  atall  are  more  particularly  discussed  |  the 
results  obtained  todata  concern  a  NACA  0012  profile  t  they  are  analyzed  aa  a  function  of  mean  angle  of 
attaok,  oaoillationa  aaplituda,  reduced  frequency  and  Mach  number.  Future  developments  anticipated  to 
improve  measurements  and  computing  methods  compared  with  experimental  results  are  also  reviewed. 


NOTATIONS 


of 

®*m 
o i 
t 
1 

a 

T0 

k 

M 

V 

Cs 

Cx 

Cm 

Cal 

Cxi 

Cml 

ICsil  t 

ICmll  , 

Wcsll  1 
I'f’Cmll  1 
4  Kp 


incidence  inetantande 
incidence  moyanna  daa  oacillatlona 
deal  amplitude  das  oscillations 
frequence  daa  oacillatlona 
cords  du  profll 
abaciaaa  curvlllgne 

vltaaaa  da  l’dcoulement  A  1' inf ini  amont 
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nombre  da  Mach 

vltaaaa  locale  aur  la  profil 

coefficient  da  portance  'l 

coefficient  de  trainee  >axea  lids  au  vent 

coefficient  da  moment  de  tangage  j 

coefficient  de  force  normals  \ 

coefficient  de  force  axiale  >  axes  lids  A  la  maquette 
coefficient  da  moment  de  tangage  j 

aaplituda  du  ler  harmonique  du  coefficient  de  force  normale 
amplitude  du  ler  harmonique  du  coefficient  de  moment  de  tangage 

phase  du  ler  harmonique  du  coefficient  de  force  normale  par  rapport  au  mouvement  d* incidence 
phase  du  ler  harmonique  du  coefficient  de  moment  de  tangage  par  rapport  au  mouvement  d* incidence 
coefficient  de  preasion  diffdrentlelle 
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1.  INTRODUCTION 

L'dvolution  d«a  hdlicoptferes  vera  daa  paramfetrea  d'avancsment  dlevds  ndceaeitc  une  connatesanee  at 
una  prevision  da  plua  an  plus  prdclsea  doe  chargaa  locales  instationnaires  aur  laa  palea.  Dana  une  premiere 
approche,  la  lol  de  variation  d'incldonce  d'una  section  da  pale  pout  Itre  simllds  par  la  mouvement  d'un 
profll  an  oscillations  harmon  ques  de  tangage,  Ainai  apparalt  naturellenent  1'  intdrlt  do  noaurer  o*  da 
calouler  l'onsomblo  daa  forces  inatatlonnalraa  dans  co  cna  aimplo.  Capandant  la  problfeme  so  complique  rapi- 
demont  loraqu'll  a'ngit  de  roprdaanter  fiddlement  lea  conditions  de  vol  daa  hdlicoptferee.  En  affet  laa 
variations  d'incldonce  sont  importantea  at  e'effactuent  autour  d'lncidencaa  noyennas  dlevdes  da  sorts  qua, 
sur  la  pale  reculante,  las  Incidences  locales  peuvent  itre  bien  eupdrieures  aux  lncldonces  de  ddcrochage 
statlonnalre  daa  profile. 

Las  travaux  mends  dans  le  cadre  das  racherchas  d*  base  aur  profile  oacillanto  dans  cea  conditions  fait 
l'objot  de  la  prdsente  comnunication,  Au  point  de  vue  expdrimental,  l'offort  s'est  urietallied  autour  da 
la  miae  au  poin.  i'une  mdthode  dynamomdtrique,  permettant  d'accddar  au  torseur  couplet  daa  forces  adrjdy- 
namiquea  at  notamment  aux  tratndes  inetationnairea.  Ce  travail  entrepria  par  l'O.N.E.R .A,,  s'eat  poursulvl 
avec  l'aida  du  S.T.Ad  (Service  Technique  Adronautique )  en  collaboration  dtroite  aveo  la  S.N.I.A.S.  MARIGNANE 
(Division  Hdlicoptferea)  et  la  C.E.A.T.  da  TOULOUSE  oil  as  font  las  esaaia.  L'dtude  thdorique,  a  dtd  confide 
par  la  D.R.M.E.  (Direction  das  Recherchea  at  Moyens  d'Eaaaia)  h  la  Socldtd  BERTIN,  qui  a  commencd  par  las 
calculo  sur  profils  an  mouvement  pdriodiqua  quelconquo  an  absence  do  ddcollement  en  s'appuyant  sur  las 
travaux  de  GIESING.  Lorsque  lea  incidancea  deviannent  importantea,  le  cas  beaucoup  plua  difficile  A  traitor, 
dea  configurations  ou  apparaiseent  lea  ddcrochagaa  instationnaires  a  dtd  abordd  an  tenant  coopts  das  travaux 
de  SARPKAYA  et  de  RAM.  Lea  rdsultats  d«  calculs  seront  coopards  aux  valaurs  expdrimentales  obtenus  A  TOULOUSE. 

2.  ME3URES  DES  FORCES  AERODYNAMIQUES  SUR  PltOFILS  OSCILLANTS 

2.1.  Mdthode  expdrioentale 

La  figure  1  foumlt  un  ochdma  de  la  oaquetta  utiliade  pour  las  eaaais  de  oaquette  da  courant  plan  en 
oscillations  harmoniques  de  tangage  autour  du  quart  de  cords  avant.  Un  dynamomfetre  trois  composantes  fa ) 
mesure  aimultandmont  las  forces  nornales,  les  forces  tangentielles  et  le  moments  de  tangage  s'exargantsur 
.me  tranche  pesde  centrale,  Isolde  mdcaniqueoont  du  reste  de  la  oaquette.  Les  forces  d'inertie  doivent  dtre 
ddduites  de  ces  mesures  afin  d'obtenir  las  donndes  adrodynamiques  seules.  Plusieurs  solutions  sont  possibles. 
On  peut  soustraire  les  mesures  d'essaia  en  oscillations  sans  vent  (ou  seules  les  forces  d'inertie  intervien- 
nent)  de  celles  obtenues  lore  d'essaia  en  oscillations  avec  vent.  Cette  mdthode  simplifide  n'est  pas  absolu- 
ment  corrects  car  elle  suppose  l'identitd  das  mouvements  de  la  tranche  pesde  en  absence  et  en  prdsence  d'dcou- 
lement  dans  la  soufflerie.  C'est  pourquoi  un  second  dynamomfetre  trois  compoBanteB  fb)  ,  inclus  dans  la  maquet- 
te,  avait  dtd  prdvu  pour  agir  "n  accdldromfetre  et  ossurer  deo  forces  d'inertie  proportionnelles  A  celles 
subie  par  la  tranche  pesde.  I  a  forces  d'inertie  devaient  fitre  soustraites  autonatiquement  de  celles  fournies 
par  le  dynamomfetre  principal,  p..r  1' interoddiaire  d'un  calculateur  analogique.  Mais  cette  solution  s'est 
heurtde  aux  difficultds  expdrimentales  suivantes  t 

-  le  dynamomfetre  correcteur  d'inertie  se  trouve  parfoie  excltd  A  ses  frdquences  propres  et  les  parasites 
alnsi  crdds  sont  si  importants  qu'il  faut  rdduire  notablement  les  gains  d’amplification,  ce  qui  enlfeve 
touts  precision  aux  mesures  | 

-  l'emploi  dn  filtres  de  haute  precision  sur  l'ensemble  des  voles  de  mesure  permet  cependant  son  utilisation 
mais  il  apparalt  alors  d'autres  facteurs  parasites,  en  effet  les  mouvements  de  pilonnement  de  foible 
amplitude  ius  aux  forces  normales  adrodynamiques  instationnaires,  entrnlnent  de  nouvclles  forces  d'inertie 
pour  la  tranche  pesde,  ndgligeables  aux  faitles  frdquences  d'oscillations  mais  notables  aux  frdquences 
elevdes. 

C'est  pourquoi,  le  Service  Recherchea  de  la  S.N.I.A.S.  MARIGNANE  a  proposd  d'amdliorer  prochainement 
la  mdthode  actuelle  par  l'emploi  de  correcteurs  d'inertie  A  6  composantes,  permettant  thdoriquement  de 
corriger  toutes  les  forces  d' inertia. 

Ce  projet  permettrn  d'affiner  les  mesures  actuelles  fournies  par  la  mdthode  simplifids  qui,  cependant, 
donnent  satisfaction  jusqu'aux  frdquences  de  l'ordre  de  12  Hz, 

2.2.  Acquisition  et  traitement  des  informations 

La  figure  2  on  montre  le  schdma.  Les  mesures  sont  enregistrdes  sur  bande  magndtique  analogique,  puis 
numdrisdes  toutes  les  millifemes  de  seconde,  Une  analyse  harmonique  sur  ordinateur  permet  de  les  moyenner 
sur  un  nombre  de  pdriodes  variable,  limitd  a  5  actuellement.  De  ces  informations,  on  ddduit  les  coefficients 
sans  dimension  des  forces  adrodynamiques  dans  un  trifedre  lid  fe  la  maquette  (forces  normales,  forces  tangen¬ 
tielles  et  momenta  de  tangage),  puis  par  changement.  d'axes,  les  coefficients  des  forces  adrodynamiques  dans 
un  trifedre  lid  au  vent  (portances  et  tratndes). 

Les  prochairies  campagnes  d'essais  seront  amdliordes  en  effectuant  sur  ordinateur  des  mcyennes  numdri- 
ques  sur  un  plus  grand  n  mbre  de  pdriodes,  ce  qui  est  ndcessairo  dans  certaines  configuration  de  ddcrochage 
particuliferement  instables,  ou  prddomine  le  caractfere  aldatoire  des  phdnomfenes  fe  dtudier. 

2.3.  Rdsultats  obtenus  sur  le  profil  NACA  0012 

Les  rdsultats  prdsentds  ici  proviennent  des  conditions  d'essais  suivantes  s 

-  Profile  NACA  0012  de  corde  1  =  0,4  m 

-  Nombre  de  Mach  t  M  =  0,2  ;  M  =  0,3 

-  Frdquence  des  oscillations  :  f  =  4,8,12Hz 

-  Amplitude  des  oscillations  :  S  =  +  3°  !  ,+  b°  pour  f  =  4  et  8  Hz 

3  «=  +  3°  ;  i  5°  pour  f  =  12  Hz 
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-  Incidences  moyennoa  i  *  compris  antra  0s  at  18° 

n 

-  Lee  frequences  rdduitea  mnximalea  aont  dono  i 

V.  -  0,23  k  Mach  0,2 
k  -  0,15  k  Maoh  0,3 

la  grande  majority  daa  aaaaia  a  portd  sur  daa  configurations  ok  l'dlongation  d'incidence  eat  impoad# 
de  part  at  d'autre  daa  incidencaa  da  ddcrochage  atationnalre  du  profil. 

2.3.1 •  Influence  de  l'incldence  noyanna  et  du  nombre  da  Mach 

L'examen  dea  figures  3  et  4,  ou  aont  prdaentda  lea  cycles  obtenua  A  une  mime  frdquence,  permet  de 
no  ter  que  t 

-  lea  portancea  inatationnairaa  mazimalea  aont  bion  aupdrieurea  aux  valeura  stationnairea.  Cet  accrois- 
saoent  de  portance  diminue  avec  le  nombre  de  Mach  et  paase  par  un  maximum  loraque  1* incidence  moyenne 
crolt  ; 

-  lea  moments  de  tangage  ddcrivent  daa  cycles,  dont  1' instability  varie  progreasivement  avec  1' incidence 
moyenne.  Lea  cycles  redeviennent  stables  aux  incidences  moyennea  plus  dlevdes  ; 

-  l'amplitude  dea  momenta  piquours  maxima  augments  avec  1* incidence  moyenne  ; 

-  l'instabilitd  en  tangage  ddbute  A  une  incidence  moyenne  d'autant  plus  foible  que  le  nombre  de  Mach  aug¬ 
ments. 

Cea  divorces  concluaiona  confirment  lea  rdaultata  dd.'A  mis  en  Evidence  par  lea  traveux  expdrimentaux 
da  DAVENPORT,  LIIVA,  CARTA  et  WINDSOR  (Rdf.  1  A  3)  qui  ont  fait  l'objet  de  maintes  analyses  ddtailldee 
(Rdf.  4  A  0). 

L'intdrlt  principal  de  la  mdthode  dynamomdtrique  eat  de  foumir  avec  une  prdciBion  aatisfaiaante  lea 
grandeurs  adrodynamiques  dans  dea  axea  lids  au  vent,  notnmment  lea  tralndes  lnstationnairea  pour  lesquel- 
les  on  ne  disposait  Juaqu'A  prdsent  que  de  renneignemonts  expdrimenteux  limitds  (Rdf.  3  et  7).  On  peut 
ainsi  montrer  l'influence  notable  du  nombre  de  Mach  but  les  cycles  de  tralnde.  Alors  qu'k  Mach  0,2  les 
tralndes  peuvent  8tre,  aux  incidences  dlevdes,  infdrieures  aux  tralndes  stationnairea  (recul  de  la  diver¬ 
gence  de  tralnde),  il  n'est  plus  de  mime  A  Mach  0,3,  ou  1' ensemble  du  cycle  se  trouve  au  dessus  de  la 
polaire  stationnaire.  L'effet  de  la  compreseibilitd  aa  fait  aentir  dAa  ce  nombre  de  Mach,  dAs  que  les 
incidences  aont  dlevdes. 

On  note  en  effet  que,  pour  M  =  0,3,  l'dcoulement  attaint  M  =  1  prAs  du  bord  d'attaque  pour  une 
incidence  stationnaire  de  11  degrAs. 

2.3.2.  Influence  de  la  frdquence  rdduite  et  de  l'amplitude 

La  figure  5  presente  l'influence  de  ces  paramAtrea.  Elle  confirms  les  lois  simples  ddjk  connues  » 

-  les  portancea  lnstationnairea  maximales  augmentent  avec  la  frdquence  rdduite  et  avec  l'amplitude  ; 

-  les  instabilitds  sont  plus  importantes  A  amplitudes  faibles  qu'A  amplitudes  dlevdes  mais  elles  diminuent 
lorsque  la  frdquence  rdduite  augments. 

Dans  le  cas  de  cycles  stables,  on  remarquera  figure  6  1' augmentation  de  la  largeur  des  cycles  de 
tralnde  avec  la  frdquence  rdduite.  Loraque  cells  ci  est  auffisament  grande,  des  tralndes  instationnairea 
bien  infdrieures  aux  tralndes  stationnairea  sont  obtenuea  quand  1' incidence  ddcroit.  Pour  une  mime  inci¬ 
dence  moyenne,  les  incidences  atteintes  sont  d'autant  plus  dlevdes  que  l'amplitude  des  oscillations  est 
grande.  L'influence  de  l'amplitude  est  done  importante  comme  le  montre  la  figure  7.  On  notera  dgalement 
l'analogie  de  formes  entre  les  cycles  de  tralndes  et  de  moments  de  tangage  qui  traduit  essentiellement  le 
fait  que  lorsqu'apparalt  un  ddcrochage,  on  a  simultandment  accroissement  des  moments  piqueuro  et  augmen¬ 
tations  de  la  tralnde. 

2.3.3.  ProblAme  de  la  ddtection  de  1' incidence  locale 

Dans  ces  essais,  1' incidence  imposde  A  l'ensenble  de  la  maquette  est  mesurde  avec  prdcision.  La  fonc- 
tion  de  transfert  maquetto-tranche  pesde  en  absence  d'dcoulement  est  connue  par  une  combinaison  calculs- 
expdriences.  Cependant  les  moments  de  tingags  adrodynamiques  altkrent  quelque  peu  le  mouvement  sinusoidal 
pur  fourni  par  le  mdcunisme  d'oscillations.  L' incidence  gdomdtrique  rdelle  de  la  tranche  pesde  reste  k 
ddterminer  d'une  maniAre  prdcise,  II  est  prdvu,  pour  la  suite  des  essais  de  calculer  cette  correction 
d'incidence  A  partir  du  moment  de  torsion  rdelle  s'exerjant  A  chaque  instant  sur  la  tranche  pesde. 

2.4.  Critiquos  et  perspectives 

En  dehors  des  difficultds  expdrimentales  signaldes  ci-dessus  et  des  amdliorations  prdvues,  on  doit 
signaler  le  caractAre  tridimensionnel  des  dcoulements  danr  les  configurations  de  ddcrochage,  confirmd  par 
l'examen  des  films  de  visualisation  pris  lore  des  essaiB  A  TOULOUSE.  La  figure  8  en  montre  un  example.  la 
mdthode  dynamomdtrique  actuelle  sera  done  amdliorde  prochainement  par  un  dquipement  de  Jauges  cabldes 
directement  en  forces  et  non  en  moments  supposant  1'hypothAse  de  symdtrie  de  l'dcoulement  sur  la  tranche 
pesde. 


Les  rdsultats  d'esaais  du  profil  NACA  0012  donnent  l'dvolution  des  grandeurs  adrodynamiques  en  fonc- 
tion  du  nombre  de  Mach,  de  1' incidence,  de  l'amplitude  et  de  la  frdquence  rdduite  des  oscillations.  On 
s'efforce  actuellement  de  les  oxprimer  sous  une  forme  analytiaue,  permettant  d'introduire  ces  donndes  ex- 
pdrimentales  dans  lee  programmes  de  performances  de  rotors.  Cet  objectif  a  ddjk  iait  l'objct  de  quclques 
travaux  aux  Etats-Unis  (Rdf.  8  A  10)  qui  en  sont  rent  tout  I'interft. 
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3.  CALCUL  DES  FORCES  AER0DTN.MIQUE3  SUR  UR  FROFIL  ER  ECOULEKEHT  BIDIKENSIONNEL,  INCOMPRESSIBLE, 
IRSTATltfNNAIRE 

L'intdrlt  de  compKtar  l'expdrience  par  la  calcul  ast  Evident  ai  l'on  considers  t 

-  1«  nombre  dea  paramdtrea  intervenant  dana  la  problems  ; 

-  la  difficult^  da  reprdeenter  an  souffle rla  la  mouvement  complaxe  da  l'dldment  da  pala  du  rotor  s 

-  la  ndcessltd  d'utillaar  daa  techniques  expdrimentales  ddlicates  at  ralatlvemant  complexea. 

la  cathode  da  calcul  utilises  aat  ratable  pour  un  mouvaoant  da  forma  quelconque,  cependant  l'applica- 
tlon  a  dtd  limit 4a  au  profil  oacillant  autour  du  quart  avant. 

3.1,  Calcul  aana  ddcrochage 

C'aat  un  calcul  numdrique  da  fluida  parfait  incompreaaibla  non  lindariad.  Dana  la  cadre  da  l'dtude 
prdsentde  il  conatitue  aimplement  una  dtape  ndeesaaire  an  rue  du  calcul  du  ddcrochage,  il  prdaente  cepen¬ 
dant  un  certain  intdrdt  an  aoi  pour  l'dtude  dea  palaa  d'hdlicoptkres  par  lea  avantages  qu'il  a  aur  lea 
mdthodes  lindarisdea  (THEODORSEN  ...)  t 

-  introduction  daa  affata  d'dpaisseur  qui  peraetde  comparer  diffdrente  profile  au  point  de  rue  de  la 
repartition  dea  ritaaaaa  at  de  calculer  dea  couchea  limites  ; 

-  calcul  da  la  trainee  da  preaaion.  L'expdrience  montre  qua  sea  variations  sont  importantea  ; 

-  determination  das  harmoniquaa  eupdrieurs  k  1  at  daa  effete  non  lindaires  dea  superpositions  de  mourements. 

La  module  da  calcul  trfee  roisin  de  celui  de  GIESINC  (Rdf,  11)  comporte  dea  singularitds  lides  i  segmenta 
de  sources  disposes  k  la  paroi  at  tourbillona  sur  la  corde,  at  das  singularitds  libras  t  tourbillons  4 mis 
prks  du  bord  de  fuite  dont  on  suit  le  mouvement  pas  &  paa.  On  respects  k  cheque  instant  la  condition  de 
tangence  au  profil,  la  conserration  de  la  circulation  globale  et  la  condition  de  non-contournement  expri- 
mde  sous  la  forme  de  l'dgalitd  de  vi teases  extrados-intrados  prka  du  bord  de  fuite. 

Le  processus  de  calcul  aat  le  suivant  t 

-  la  profil  ost  donnd  par  aes  cotes  au  besoin  lissdea  numdriquement  ; 

-  le  mourement  aat  donnd  dana  le  rep bre  galileen  en  prineipe  il  ast  pdriodique  mais  de  forme  quelconque  ; 

-  les  conditions  initiales  sont  celles  de  l'dcoulement  permamnt  pour  1' incidence  de  ddpart  et  le  calcul 
eat  poursuiri  jusqu'k  l'obtention  d'un  cycle  complet  correspondant  k  la  condition  de  pdriodicitd  (en 
gdndral,  un  cycle  et  demi  suffit). 

Lea  rdsultats  fournis  sont  :  la  repartition  des  ritesses  et  deB  pressions.le  torseur  des  forces  de 
preasiona  obtenu  par  integration. 

Un  certain  nombre  d' ameliorations  apportees  au  prineipe  de  base  ont  permis  de  rdduire  le  temps  de 
calcul  k  2*  d'URIVAC  1108  pour  un  profil  donnd  en  48  points  et  un  pas  de  calcul  de  l/20  de  periode, 

3.2.  Calcul  avec  ddcrochage 

3.2.1.  Principe 

Le  module  avec  ddcrochage  aat  derive  du  modkle  precedent  an  introduisant  une  deuxikme  famille  da 
tourbillona  libras  dmis  au  voisinage  du  bord  d'attaque  et  schi'matisant  un  decollement  salon  un  proeddd 
voisin  de  celui  de  HAM  (Rdf.  4) 

En  effet  de  nombreux  travaux  expdrimentaux  (de  12  k  16)  aussi  bien  sur  profil  oscillant  que  sur  le 
mouvement  impulsif  de  cylindres  ou  de  plaques  ont  mis  an  evidence  1' existence,  tout  au  moins  pour  le  pro¬ 
fil  dans  le  cas  du  ddcrochage  de  bord  d'attaque,  d'un  gros  tourbillon  prenant  naissance  prks  d'un  point 
de  ddcollement,  qui  grossit  en  se  ddplapant  la  long  da  la  paroi  et  finit  par  se  detacher.  Les  propridtds 
particulidres  du  ddcrochage  dynamique  peuvent  dtre  attributes  en  grande  partie  k  ce  phdnomkne.  Das  etudes 
plus  fines  ont  montrd  que  ce  ddcollement  eat  constitud  par  une  nappe  tourbillonnaire  dmise  k  partir  du 
point  de  ddcollement  et  s'enroutant  sur  elle-mdme.  Un  tel  dcoulement  peut  4tre  schdmatisd  dans  un  modkle 
de  fluide  parfait  par  une  nappe  de  tourbillons  libres  ainsi  que  l'ont  montrd  SARPRAYA  (Rdf.  17)  pour  le 
cylindre  en  mouvement  impulsif  et  HAM  (Rdf.  4)  pour  le  ddcrochage  dynamique  de  la  plaque  plane.  Les  effets 
de  viacositd  se  manifestent  au  niveau  de  1' emission  de  rotationnel  au  sain  du  fluide  mais  peuvent  Itre 
ndgligds  au  cours  de  l'dvolution  ultdrleure. 

3.2.2.  Description  du  modkle  de  calcul 

Les  dldments  principaux  en  sont  les  suivants  i 

-  un  calcul  de  couche  limits  laminaire  k  partir  de  la  repartition  de  vitesses  instantande  par  une  mdthode 
simple  (Rdf.  18)  de  rdgime  permanent.  Cette  dernikre  hypothkse  est  justifide  dans  le  domaine  des  pales 
d'hdlicoptkre.  Le  calcul  donne  la  position  du  ddcollement  et  les  caractdristiques  de  la  couche  limits  en 
ce  point,  par  contre  on  ne  peut  pas  l'utiliser  comma  critkre  de  ddcollement  vra.i  car  le  phdnomkne  rdel 
est  plus  complexe  (bulbe  court) | 

_  un  mod die  d'dmission  de  tourbillons  au  voisinage  du  ddcollement  basd  sur  les  hypotheses  suivantes  : 
(inapirdes  en  partie  de  la  Rdf.  17) 

.  vitesse  nulls  au  point  de  ddcollement 

•  ddblt  de  tourbillons  dgal  au  ddbit  de  rotationnel  de  la  couche  limite 

•  distance  du  tourbillon  naissant  k  la  paroi  dgal  k  l'dpaisseur  de  ddplacement  de  la  couche  limite 

•  trajectoire  initials  des  tourbillons  faisant  avec  la  paroi  l'angle  thdorique  de  la  ligne  de  adparation 
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laminaire  au  point  da  ddcollement  laminaire  (Rdf.  19) 

On  notera  qua  ce  module  ddfinit  la  pas  de  calcul. 

-  la  calcul  da  Involution  daa  daux  nappes  de  bord  d'attaque  at  de  bord  de  fuite.  En  pratique  pour  rendra 
la  tenpa  de  calcul  acceptable  on  utilise  deux  pas  de  temps.  L'un  trks  court  pour  auivre  l1 Emission  et 
involution  de  tourbillons  au  voisinage  du  ddcollement  dans  le  repkre  curviligne.  L'autre  plus  long  pour 
auivre  l'ensemble  du  probifeme.  Le  calcul  utilise  dgalement  un  procddd  de  coalescence  des  tourbillons. 

3.1.3.  Difficulty  rencontrdes 

Critkre  de  ddcollement  l  il  est  ndcessaire  d'introduire  dans  le  calcul  1'  instant  ou  commence  mmiasion  dea 
tourbillons  libres  car  on  a  vu  que  le  calcul  de  couche  limite  laminaire  est  inutiliaable  {  de  la  ia6me  fagon 
la  fin  du  ddcrochage  devra  dtre  traduite  par  l'arrdt  de  mrnission. 

En  dcoulement  permanent  on  ne  dispose  pas  actuellement  de  mdthode  simple  pour  prddire  1* incidence  de 
ddcrochage  dans  le  cae  de  ddcrochage  de  bord  d'attaque  par  eclatement  de  bulbe  court. 

En  instationnaire  il  apparalt  en  outre  un  retard  au  ddcrochage  dfl  k  divers  effete  ; 

-  influence  du  mouvement  sur  la  repartition  de  vitesse  instantande.  En  principe  le  calcul  pourrait  en  rendre 
compte  si  on  disposait  d'un  critkre,  en  pratique  dans  le  domaine  des  mouvements  de  pales  d'hdlicoptkres 
cet  effet  reste  faible  ; 

-  effet  de  retard  k  l'apparition  du  ddcollement.  Le  problkme  commence  k  dtre  abordd  thdoriquement  pour  le 
ddcollement  laminaire,  dans  le  cas  du  "bulbe  court"  il  ne  parait  pas  accessible  pour  l'inatant.  Pour 
situer  un  ordre  de  grai  deur  on  peut  utiliser  des  rdsultats  sur  le  mouvement  impulsif  de  plaque  ellipti- 
que  i  nous  avons  constate  (Rdf.  15)  un  retard  de  la  forme  At  ■  k  avec  k  de  l'ordre  de  0,2  pour  le 
mouvement  transversal  d'une  ellipse  de  20  %  d'dpaisseur  ; 

-  ddlai  de  ddveloppement  du  sillage.  En  principe  le  modfele  de  calcul  doit  traduire  le  phdnomene  sans  qu'il 
soit  ndcessaire  d'introduire  des  donndes  empiriques,  on  peut  cependant  agir  sur  certains  paramktres  du 
modkle  d'dmission  pour  ajuster  le  rdsultat. 

Actuellement  le  problkme  du  critkre  de  ddbut  et  de  fin  du  ddcrochage  n'a  pas  dtd  rdsolu,  nous  avons 
prdvu  d'introduire  dans  le  calcul  aoit  l'incidence  de  ddcrochage  en  permanent  soit  l'inatant  ddduit  de 
1' experience  ou  apparaissent  les  perturbations  des  pressions  et  des  forces,  cette  determination  reBtant 
imprecise.  Certains  experimentateurs  ont  constitd  l'apparition  du  ddcollement  au  voisinage  de  l'incidence 
maximale,  des  mesures  plus  fines  seraient  ndceasaires.  De  plus  1' exploitation  du  calcul  permettra  d'dvaluer 
l'iapoftance  deB  diffdrents  tsi^es  *t  d'ajuster  des  eritkres  plus  elaberda. 

Models  d' emission  de  la  nappe  tourbillonnaire  :  le  processus  de  creation  de  rotationnel  au  sein  du  fluids 
parfait  rests  inddniablement  trks  schematique.  En  outre  1' utilisation  de  deux  pas  de  temps  diffdrenta  pour 
Iim  tbj'umArjes  Vvwn  et  1 V rvruLros^i  el  le  ie  'tp  twirtUluos  pt  -»■  s- 

aent  avoir  ime  certaine  influence.  Differentes  tentatives  ont  dtd  ndcessaires  pour  obtenir  une  configuration 
de  nappe  rdaliste. 

Evolution  de  la  nappe  :  des  difficultds  numdriques  sont  apparues  lorsque  un  tourbillon  est  trkB  proche  de 
la  paroi.  Elies  sont  likes  k  la  discretisation  temporelle  et  k  la  discretisation  spatiale  des  sources  sur 
le  profil.  Elle  conduisent  k  adopter  un  pas  de  temps  relativement  faible  d'ou  un  temps  de  calcul  assez 
long. 

Condition  k  la  points  arrikre  :  l'axpression  du  non  contoumemcnt  en  rdgime  instationnaire  et  avec  possibi- 
litd  de  recirculation  k  l'extrados  prdsente  des  difficultds  d'ordre  thdorique.  Pour  l'inatant  le  procddd 
utilisd  dans  le  modkle  de  calcul  est  trks  sommaire.  XI  se  peut  que  des  adaptations  se  rdvklent  ndcessaires, 

3.3.  Rdsultats  du  calcul 

L' exploitation  a  dtd  limitde  k  un  NACA  0012  oacillant  nutour  du  quart  avant. 

3.3.1.  Calcul  sans  ddcrochage 

Forme  du  sillage  (figure  9).  Dans  le  domaine  des  frequences  rdduites  de  pales  d’hdlicoptkres  la  nappe  de 
bord  de  fuite  prdsente  une  oscillation  d'amplitude  relative  trks  faible  mais  pouvant  ddpasser  une  corde  en 
valeur  absolue  loin  du  profil.  Cet  effet  peut  jouer  un  rflle  dans  les  problemes  d' interaction  pale-sillage. 

Aux  frequences  rdduites  trks  dlevdes  la  configuration  devient  complexe  et  le  sillage  est  trks  dpais. 

Cycle  Cx  («)  (figure  10).  On  remarquera  la  forme  du  cycle  de  trnlnde  k  incidence  moyenne  trks  proche  de 
l'expdrience  bien  que  le  calcul  ne  tienne  pas  compte  du  frottement.  Ce  dernier  est  probablement  faible  par 
rapport  a  la  tralnde  de  pression.  Le  cycle  prdsente  des  zones  de  Cx  faiblement  ndgatif  et  des  valeurs 
maximales  trks  importantes. 

Premier  harmonioue  de  Cz  et  Cm  (planche  11).  Les  rdsultats  du  calcul  non. lindarisd  ne  semblent  pas  apporter 
d'amdlioration  par  rapport  k  la  thdorie  lindaire.  En  fait  la  comparaison  est  rendue  difficile  du  fait  des 
dcarts  existant  en  stationnaire  i 


k  Czl/kot 

Position 
du  foyer 

see 

6,92 

26,4  t 

•  •  • 

6,28 

25  i> 

•  •  • 

5,9 

26  Jt 

-  calcul  non  lindaire  . 

-  calcul  lindaire  .... 

-  experiences  . 
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On  a  tenu  coopt#  d#  c«t  Ecart  pour  le  Cz  en  reprEsentant  (ICzlI/fer)/  (  iCzl/J>«  )  .  pour  lea  3 
Evaluations  mats  pcur  le  Cm  on  n'a  pa#  pu  upporter  de  correction  simple  aux  rEsultat886ruts. 

On  notera  par  contre  la  repartition  de  pression  (planche  12)  beaucoup  plus  proche  de  1' expErier.ee  que 
la  thEorie  linEaire.  11  reste  un  Ecart  syatEoatique  InexpliquE  aur  le  dEphaeage. 

3.3.2.  Cas  du  dEcrochage 

Nous  presentons  (figure  13)  quelques  rEaultats  oontrant  l'influence  du  nouvement  sur  la  repartition 
des  vitesses  instantar Ees.  On  voit  qu'il  exiate  bien  un  effet  dans  le  sens  d'un  retard  au  dEcollement  et 
au  recollemont,  maia  cet  Ecart  est  trks  faible  dans  le  domains  des  frequences  rEduitee  usuelles  de  rotors. 

En  l'absence  de  critkre  de  dEcrochage  valable  mfime  en  permanent  il  n'a  pas  EtE  possible  de  traduire  cette 
influence  en  terms  de  retard.  Nous  indiquons  Egalement  1' Evolution  du  point  de  dEcollement  laminaire  don nE 
par  la  mEthode  de  THWAITES,  on  voit  que  pour  o<  ^  8°  celui-ci  ne  varie  pratiqueoent  pas.  On  attend  des 
nouvelles  techniques  de  mesures  par  film  chaud,  en  cours  de  dEveloppement  k  l'O.N.E.R.A.  k  la  suite  des 
travaux  de  KC.  CROSKEY  (REf.  20  et  21 ),  des  renseignements  valables  sur  la  localisation  et  l'instant  de 
formation  et  de  disparitlon  du  dEcollement.  En  effet  (figure  14)  on  distingue  nettemont  sur  l'oscillos- 
cope  les  Ecoulements  laminaire,  turbulent  et  dEcollE. 

Uno  premikre  tentative  de  calcul  limitoe  a  la  phase  initials  du  dEcrochage,  a  EtE  faite  pour 
Ol  =  12°  +  6°  et  1c  =  0,15  en  introduisant  artificiellement  le  dEbut  du  dEcrochage  k  15,5°. 

Les  configurations  successives  obtenues  pour  la  nappe  tourbillonnaire  (figure  15)  sont  assez  rEalistes 
bien  que  la  hauteur  de  1'  onroulement  tourbillonnaire  semble  trks  importante.  On  observe  1' apparition  d'ins- 
tabilitEs  qui  vont  en  s' amplifiant.  Elies  proviennent  probablement  d'un  phEnomkne  de  couplage.  La  vitesso 
de  propagation  de  l'enroulenent  est  relativement  faible.  Les  rEpartitions  de  presoions  (figure  16)  nettent 
Egalement  en  Evidence  la  propagation  de  perturbations  constituEes  d'une  zone  de  surpressions  suivie  d'une 
zone  de  dEpressions  que  l'on  retrouve  qualitativeuent  dans  1'expErience,  pratiquement  seulea  les  pressions 
extrados  sont  affectEes  ainsi  que  l'indiquent  les  rEsultats  expErimentaux  (REf.  3). 

Les  premiers  rEsultats  obtenus  sur  la  courbe  de  Cz  semblent  montrer  une  chute  de  portance  des  1* Emis¬ 
sion  de  tourbillons,  une  partie  de  cet  effet  est  cependant  d'origine  numErique,  ensuite  la  portance  se 
rEtablit  avec  des  oscillations  k  une  valeur  voisine  de  sa  valeur  sans  dEcollement,  le  dEcrochage  en  portance 
ne  se  produirait  que  lorsque  le  bord  de  fuite  est  interactionne.  II  semhlerp.it  done  que  le  terme  prEpondErant 
du  "retard  au  dEcrochage"  en  Cz  aoit  liE  au  dElai  de  dEveloppement  du  sillage. 

3.4.  Critiques  et  perspectives 

Les  rEsultats  prEsentEs,  qui  ne  constituent  que  les  premiers  testB  de  la  mEthode,  montrent  la  possibi- 
litE  de  dEcrirs  de  fa?on  rEaliste  1' Etabliasement  du  regime  de  dEcrochage  de  bord  a'attaque.  IndEpendament 
de  la  mdse  au  point  nEcessaire  et  de  difficultEs  ultErieures  qui  pourront  apparaltre  on  peut  citer  les  points 
qui  seront  a  amEliorer  s 

Critkre  do  dEcrochage.  On  peut  tenter  d'appliquer  aux  rEpartitions  de  vitesses  les  mEthodes  de  prEvision  des 
dEcrochages  de  bord  d'attaque  (REf.  22).  On  eBpkre  obtenir  des  nouvelles  techniques  par  film  chaud  ou  par 
visualisation  des  renseignements  permettant  d'Elaborer  des  critkros  de  dEcollement  instationnaire . 

Hodfele  d'Emission.  Le  modkle  utilisE  comporte  des  hypothkses  relativement  arbitraires.  11  parait  possible 
de  1'amEliorer  pour  obtenir  de  meilleurs  rEsultats  sans  nEcessairement  introduire  des  p  rametres  empiriques. 
En  particulier,  des  tennea  d'amortissement  visqueux  ont  dEjk  EtE  essayEs. 

Co&uUioh  4ft  br*5  6e  MA/tnna-  *  cm  UM,  4ft  thV 

table  en  stationnaire  ou  sans  dEcollement  peut  s'avErer  insuffisante.  Une  expreosion  plus  physique  de  cette 
condition  devrait  Stre  recherchEe. 

En  plus  de  modifications  visant  a  amEliorer  la  validitE  du  calcul,  on  peut  envisager  une  extension  de 
son  domains  d’application  dans  les  directions  suivantes  i 

-  extension  au  dEcrochage  bord  de  fuite.  Le  cas  semble  se  prEsentor  dans  plusieurs  essais.  Une  adaptation 
de  la  mEthode  peut  Etre  tentEe.  Elle  nEcessiterait  de  disposer  d'un  critkre  de  dEcollement  turbulent 

valable. 

-  extension  au  compressible.  Elle  est  difficile  au  stade  actuel,  cependant  elle  serait  d'une  grande  utilitE. 
Elle  ne  pourrait  qu'Etre  limitEe  k  des  nombres  de  Mach  modErEs. 

-  extension  au  tridimensionnel.  II  est  vraieemblable  que  le  dEcollement  rEel  sur  les  pales  a  un  caractkre 
tridimensionnel.  On  peut  considErer  le  bidimensionnel  comme  une  Etape  nEcessaire  dans  la  vole  de  cette 
extension.  A  priori  elle  ne  parait  pas  inaccessible  compte  tenu  des  rEsultats  dejk  obtenus  sur  le  sillage 
de  bord  de  fuite  mais  des  ordinateurs  de  trks  grande  capacitE  seront  certainement  nEcessaires. 

4.  CONCLUSION 

Les  rEsultats  obtenus  sur  le  plan  expErimental  et  thEorique  sont  encourageants.  La  poursulte  du  travail 
demands,  en  particulier,  une  amElioration  de  la  mEthode  dynamomEtrique  en  corrigeant  de  fa?on  plus  prEcise 
les  forces  d'inertie,  et,  dans  les  calculs,  une  introduction  des  eritkres  de  dEcollement  instationm.ire  qui 
pourraient  Stre  dEfinis  k  partir  d'Etudes  thEoriques  et  expErimentales  sur  les  couches  limites  instationnaires. 

En  effet,  1' Etude  des  grandeurs  aErodynamiques  sur  les  profils  en  oscillations  harmoniques  de  tangage 
parait  we  Etape  indispensable  pour  aborder  de  fapon  rEaliste  les  problkmes  plus  difficiles  des  Ecoulements 
instationnaires  sur  pales  d'hElicoptkres. 

L'Etroite  collaboration  Etablie  entre  les  organismee  de  recherches,  les  constructeurs,  et  les  services 
officials  doit  permettre  de  mener  cette  Etude  dans  les  meillcures  conditions. 
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Fig.5  „  INFLUENCE  DE  LA  FREQUENCE  RtiDUITE 

ET  DE  L' AMPLITUDE  DES  OSCILLATIONS 
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EFFORTS AERODYNAMIQUBSSUR  UN  PROFIL  D'AILE  ANIME 
D'UN  MOUVEMENT  HARMONIQUE  PARALLELE  A  L'ECOULEMENT 
"  MOUVEMENT  DE  TAMIS  " 

J.  Valensi  et  J.  Rebont 


1.  INTRODUCTION 

Au  cours  du  vol  en  translation,  le  vent  relatif  autour  des  pales  du  rotor  subit 
des  variations  pdriodiques  en  grandeur  et  direction.  De  la  sorte  les  forces  adrodynami- 
ques  qui  s'exercent  sur  les  diffdrents  dldments  de  chaque  pale,  varient  avec  l'azimut. 

Or  le  calcul  des  forces  qui  s'exercent  sur  les  pales  au  cours  de  leur  rotation,  est  gdnd- 
ralement  effectud  en  adoptant  pour  caractdristiques  adrodynamiques  (c'est-A-dire  pour 
les  coefficients  de  portance,  de  moment  et  de  trainee),  ceux  correspondant  a  un  rdgime 
stationnaire,  tout  en  tenant  compte  bien  entendu  des  variations  cycliques  du  vent  rela¬ 
tif. 

Dans  le  but  de  determiner  1 ' importance  des  corrections  qu'il  conviendrait  d'ap- 
pliquer  pour  faire  un  calcul  plus  prdcis,  on  peut  imaginer  de  faire  des  essais  en  souf- 
flerie,  en  simulant  tout  ou  partie  des  variations  du  vecteur  vitesse  relative.  C’est 
ainsi  que  nous  avons  dtd  amends  a  entreprendre  des  essais  en  soufflerie  sur  un  profil 
d'aile  animd  d'un  mouvement  de  tamis  par  rapport  au  vent,  constant  en  grandeur  et  direc¬ 
tion,  de  la  soufflerie.  Dans  une  premiAre  phase,  l'dtude  a  portd  sur  la  mesure  de  la 
trainee,  de  la  portance  et  du  moment  de  tang'age  d'une  aile  rectangulaire  de  profil  symd- 
trique  3  diffdrentes  incidences  et  pour  diffdrentes  valeurs  du  paramAtre  d'avancement. 

Ces  essais  ont  dtd  effectuds  dans  le  cadre  d'un  programme  d'dtudes  relatif  A 
l'adrodynamique  des  rotors  d'hdlicoptAre,  financd  par  le  Service  Technique  de  l'Adro- 
nautique,  Direction  Technique  des  Constructions  Adrospatiales . 


2.  DESCRIPTION  DES  DISPOSITIFS  DE  MESURE 
2.1.  Dispositif  de  mesure  de  la  trainde 

On  pourrait  d'abord  penser,  pour  mesurer  cette  trainde,  A  rendre  la  maquette 
solidaire  d'un  cadre  animd  d'un  mouvement  harmonique  forcd,  par  1 ’ intermddiaire  d'une 
suspension  dynamomdtrique  appropride.  Cette  suspension  devrait  alors  autoriser  de  petits 
dSplacements  parallAles  5  la  direction  de  la  trainde  ;  on  ddtecterait  done  en  mfime  temps 
la  force  d'inertie  agissant  sur  le  modAle,  ce  qui  rendrait  impossible  la  mesure  de  la 
trainde  avec  une  prdcision  acceptable. 

En  effet,  si  l'on  remarque  que  d'une  part  les  conditions  d' essais  conduisent  A 
des  accdldrations  de  10  g  et  plus,  et  que  d' autre  part  la  masse  totale  en  mouvement, 
(profil  +  partie  mobile  du  dynamomAtre) ,  ne  peut  pas  Stre  pratiquement  infdrieure  A 
500  gr,  on  voit  que  les  forces  d'inertie  seraient  de  l'ordre  de  50  N  soit  50  fois  supd- 
rieures  environ  A  la  trainde  moyenne  de  la  maquette. 

C'est  pour  cette  raison  que  le  montage  suivant  a  dtd  adoptd. 

Le  cadre  oscillant  placd  au-dessous  de  la  paroi  infdrieure  de  la  soufflerie 
porte  un  torsiomAtre  dont  l'dquipage  comprend  deux  tubes  cylindriques  verticaux  qui  tra- 
versent  librement  la  paroi  infdrieure  de  la  soufflerie. 

La  maquette,  constitude  par  une  aile  rectangulaire  de  profil  symdtrique,  est 
fixde  rigidement  sur  ces  tubes  de  fagon  que  son  plan  de  symdtrie  coincide  avec  le  plan 
des  axes  des  tubes.  Le  plan  de  symdtrie  de  l'aile  est  done  vertical  ;  l'axe  du  torsio¬ 
mAtre  est  par  suite  perpendiculaire  A  la  vitesse  du  courant  de  la  soufflerie  et  au  bord 
d'attaque  du  profil. 

Pour  que  le  mouvement  d'cscillation  de  l'aile  ne  soit  pas  gdnd  par  les  paTois 
de  la  soufflerie,  son  envergure  a  dtd  limitde  A  495  mm,  laissant  un  jeu  de  2,5  mm  entYe 
le  modAle  et  les  parois  supdrieure  et  infdrieure  de  la  soufflerie.  On  minimise  les 
dchanges  possibles  A  travers  l'ouverture  de  la  paroi  infdrieure,  en  rendant  la  pression 
dans  la  veine  aussi  voisine  que  possible  de  la  pression  ambiante. 

Un  calcul  dldraentaire  montTe  que  pour  assurer  1 'dquilibrage  dynamique  de  la 
maquette  autour  de  l'axe  du  torsiomAtre,  il  suffit  A  l'aide  d'un  contTepoids  approprid, 
comme  le  raontre  le  schdma  de  la  figure  1,  de  placer  le  centre  de  gravitd  de  1' ensemble 
modAle-suspension  sur  l'axe  de  symdtrie  du  torsiomAtre  (fig.l-2v3). 

II  faut,  bien  entendu,  que  la  frdquence  propre  des  petits  mouvements  autour  de 
l'axe  de  torsion  de  l'ensemble  modAle-suspension  par  rapport  au  cadre,  soit  aussi  dlevde 
que  possible.  La  frdquence  propre  du  montage  rdalisd,  dgale  A  20  HZ,  est  obtenue  en 
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choisissant  une  raldeur  en  torsion  compatible  avec  la  sensibilit6  souhaitde  pour  la  me- 
sure  de  la  trainee  et  une  masse  de  l'ensemble  module-suspension  aussi  faible  que  possi¬ 
ble.  La  maquette  a  dtd  rdalisde  en  mousse  de  polyurdthane,  les  deux  tubes  supports,  en 
acier  inoxydable,  de  diamdtre  16  nun  et  d'dpaisseur  0,6  mm,  le  bflti,  en  dural.  La  masse 
de  l'ensemble  s'dldve  &  500  grs. 

Le  torsiomdtre  est  fix6  sur  un  chariot  qui  coulisse  sur  deux  tubes  solidaires 
d’un  blti  (fig. 4).  Le  chariot  est  placfi  entre  quatre  ressorts  de  compression  E,  calcu- 
16s  pour  que  la  frdquence  propre  du  chariot  soit  voisine  de  5  HZ.  Un  dispositif  a  mane- 
ton  F,  se  ddplajant  dans  une  lumidre  G,  entralne  le  chariot  dans  un  mouvement  harmonique 
forc6  3  la  frdguence  choisie.  Pour  faciliter  le  ddmarrage  du  dispositif,  le  maneton  est 
monte  sur  un  verin  hydraulique  H,  qui  permet  de  faire  varier  1 'amplitude  du  mouvement. 

Un  disque  I,  solidaire  de  l'arbre,  occulte  les  rayons  lumineux  6mis  par  une  lampe  ;  ce 
disque  est  perc6  d'un  trou  qui  fournit  un  signal  lumineux  de  synchronisation  repris  par 
une  cellule  photo6lectrique  J. 

Les  tensions  des  capteurs  sont  amplifies  et  filtr6es  a  travers  un  filtre  passe 
bas,  du  type  Butteworth,  qui  prdsente  les  caractdristiques  suivantes  :  frequence  de  cou- 
pure  5,5  HZ,  attenuation,  80  ab  par  octave. 

Elies  sont  analys6es  dans  un  moyenneur  a  100  voies,  synchronise  avec  le  mouve¬ 
ment  d'oscillation.  Les  100  valeurs  moyennees  pendant  un  temps  de  120  sec.  sont  resti- 
tudes  sur  un  enregistreur  X.Y,  qui  trace  la  courbe  de  la  trainee  en  fonction  de  la  phase 
du  mouvement . 

Pour  les  mesures  en  regime  stationnaire  ainsi  que  pour  1  'etalonnage,  le  top  de 
synchronisation  du  mouvement  d'oscillation  est  reraplace  par  un  top  de  synchronisation 
de  mdme  frequence,  emis  par  un  oscillateur  eiectronique . 

2.2.  Dispositif  de  mesure  de  la  portance  et  du  moment  de  tangage 

Le  principe  de  la  mesure  et  du  montage  sont  semblables  a  ceux  d6crits  au  §  2.1. 
mais,  d'une  part,  le  torsiomdtre  qui  mesure  le  moment  de  la  portance  a  son  axe  G  X  pa- 
ralldle  a  la  vitesse  V  de  la  soufflerie  (fig.  2)  et  d'autre  part,  le  torsiomdtre  qui 
mesure  le  moment  de  tafigage  a  son  axe  G  Y  paralldle  au  bord  d'attaque  (fig.  3). 


3.  CARACTERISTIQUF  ^  LA  MAQUETTE 

Profil  h.»cA.  0012  Corde  ■  0,30  m  Hauteur  ■  0,495  m 


4.  PROGRAMME  D'ESSAIS 

Les  essais  ont  6t6  effectu6s  a  des  incidences  comprises  entre  0°  et  6°  pour  des 
vitesses  du  vent  dans  la  soufflerie  comprises  entre  10  m/s  et  30  m/s  et  pour  deux  valeurs 
de  la  pulsation  du  mouvement  d'oscillation  *  16,5  rad/s,  11,2  rad/s.  L'amplitude  du 
mouvement  a  6t6  prise  6gale  a  0,15  m. 


5.  RESULTATS 
5.1.  Tralnde 

Les  rdsultats  sont  donn6s  dans  les  figures  5  a  12,  oil  l'on  a  port6  d'une  part, 
la  tralnde  enregistrde  T  rapportde  a  la  tralnde  en  rdgime  stationnaire,  a  la  iritesse  du 
if,ourant  de  la  soufflerie,  et  d'autre  part,  la  tralnde  rdduite  quasi-stationnaire 

,  calculde  a  partir  du  coefficient  de  tralnde  en  rdgime  stationnaire  et  de  la  vitesse 

rilative  instantande  de  l'air  par  rapport  au  moddle.  Les  valeurs  du  C  en  rdgime  sta¬ 
tionnaire  en  fonction  de  1' incidence  et  pour  3  valeurs  diffdrentes  duxnombre  de  Reynolds 
rapportd  a  la  corde  sont  portdes  dans  la  figure  21. 

On  peut  faire  les  remarques  suivantes  : 

1.  la  courbe  de  la  tralnde  pdriodique  mesurde  n'est  pas  sinusoldale. 

2.  Cette  courbe  est  toujours  plus  applatie  que  la  courbe  calculde.  La  diffdrence 
entre  les  deux  courbes  est  plus  accentude  pour  les  valeurs  dlevdes  du  paramStre  d'avan- 
cement . 

3.  Le  maximum  de  l'amplitude  de  la  tralndo  rdduite  est  en  retard  sur  le  mouvement 
d'entralnement  ;  le  retard  est  fonction  croissante  de  X  . 

4.  La  tralnde  moyenne  mesurde  semble  8tre  toujours  plus  faible  que  la  tralnde  moyenne 
calculde. 

La  figure  22  oQ  l'on  a  portd  en  traits  interrompus  les  courbes  quasi-lin6aires 
des  amplitudes  maximales  et  miniraales  de  la  tralnde  rdduite  calculde  en  fonction  de  X 
et  les  points  correspondents  aux  amplitudes  maximales  et  minimales  de  la  tralnde  mesurde 
rdduite  fonction  de  X  et  de  1' incidence,  illustre  bien  la  remarque  2  ci-dessus.  Les  ef- 
fets  instationnaires ,  toujours  prdsents,  s'accentuent  lorsque  le  paramdtre  d'avancement 
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5.2.  Portance 

Les  rSsultats  des  mesures  sont  donn6s  dans  les  figures  13  d  16  od  l'on  a  portfi, 
d'une  part,  la  portance  enregistrfie  P  rapportde  &  la  portance  en  regime  stationnaire  a 
la  vitesse  du^courant  de  la  soufflerie,  et  d'autre  part,  la  portance  rfiduite  quasi  - 

stationnaire  ,  calculfie  a  partir  du  coefficient  de  portance  en  regime  stationnaire  et 

de  la  vitesse  relative  instantan6e  de  l'air  par  rapport  au  module. 

1.  La  courbe  de  la  portance  r£duite  mesurfie  n'est  pas  sinusoldale. 

2.  La  portance  rSduite  mesur6e  est  en  g6n6ral  sup6rieure  a  la  portance  rlduite  calcu- 
16e  ;  l'Scart  semble  Btie  fonction  dficroissante  de  l'incidence. 

3.  Le  maximum  de  1 ' amplitude  de  la  portance  rfiduite  est  en  retard  sur  le  mouveroent 
d'entrainement.  Le  retard  est  fonction  croissante  de  A. 

La  figure  23  oil  l'on  a  ports  en  traits  interrompus  les  courbes  quasi-linSaires 
des  amplitudes  maxiraales  et  minimales  de  la  portance  rSduite  calculSe  en  fonction  de  A, 
ainsi  que  les  points  correspondants  aux  amplitudes  maximales  et  minimales  de  la  portance 
mesurSe  rSduite  en  fonction  de  A  et  de  l'incidence,  illustre  bien  la  remarque  2  ci  - 
dessus. 

Les  effets  instationnaires  toujours  presents  s ' accentuent ,  comme  il  fallait  s'y 
attendre,  lorsque  A  croft. 

5.3.  Tangage  :  Mesure  du  moment 

L'axe  de  mesure  du  moment  de  tangage  est  placS  a  la  distance  0,343  C  du  bord 
d'attaque: 


Les  rSsultats  des  mesures  sont  donnSs  dans  les  figures  17  a  20  oil  l'on  a  portS, 
d'une  part,  le  moment  enregistrS lH,  rapportS  au  moment  en  rlgime  stationnaire  a  la  vites- 


calculS  3  partir  du  coefficient  de  moment  en  rSgime  stationnaire  et  de  la  vitesse  rela¬ 
tive  instantanSe  de  l'air  par  rapport  au  module. 


On  fait  les  remarques  suivantes  : 

1.  La  courbe  du  moment  r6duit  mesurl  n'est  pas  sinusoldale. 

2.  Le  moment  r6duit  mesurfi  est  en  moyenne  pour  A  >  0,10  infgrieur  au  moment  r6duit 
moyen  calculi. 

3.  Le  maximum  de  1 'amplitude  du  moment  r6duit  est  en  retard  sur  le  mouvement  d'entrai- 
nement . 

On  a  portfi  dans  la  figure  24  en  traits  interrompus  les  courbes  quasi-linSaires 
des  amplitudes  maximales  et  minimales  du  moment  calculS  rSduit  en  fonction  de  A  ainsi 
que  les  points  correspondants  aux  amplitudes  maximales  et  minimales  de  la  portance  mesu- 
rSe,  en  fonction  de  A  et  de  l'incidence. 

6.  CONCLUSION 

Des  mesures  de  trainee,  de  portance  et  de  moment  de  tangage  relatives  a  une  aile 
rectangulaire  de  profil  symStrique ,ont  6tS  effectufies  en  soufflerie.  La  soufflerie  est  a 
veine  fermSe  de  section  rectangulaire,  i'aile  supportfie  verticalement  entre  parois  est 
entrafnle  a  l'aide  d'une  suspension  dynamom6trique  dans  un  mouvement  de  translation  p6- 
riodique  de  va  et  vient,  paralldle  a  l'axe  horizontal  de  la  soufflerie  (mouvement  dit  de 
tamis) . 

Les  essais  ont  6t6  effectuSs  dans  les  conditions  suivantes,  en  vue  de  ditermi¬ 
ner  les  caractiristiques  airodynamiques  de  I'aile  en  mouvement  instationnaire  :  , 

incidence  de  I'aile  variant  de  0  a  6°  ;  vitesse  de  la  soufflerie  10  ms"1  et  20  ms"1  ; 
paramStre  d'avancement  variant  entre  0  et  0,30. 

vs 

Le  montage  rialisi  permet  des  mesures  trSs  pricises. 

La  comparaison  des  caractiristiques  afirodynamiques  mesuries  de  I'aile, avec  cel- 
les  que  l'on  peut  calculer  en  adoptant  pour  les  coefficients  C  ,  C  ,  C  ,  ceux  mesuris  en 
regime  stationnaire,  et  pour  la  vitesse  de  l'air,  celle  instantanie  relative  a  I'aile, 
(caractiristiques  aerodynaraiques  quasi-stationnaires) ,  met  en  ividence  des  effets  ins¬ 
tationnaires  sensibles,  sur  les  extremums d'amplitude  et  sur  le  retard  par  rapport  a  la 
sollicitation,  en  particulier.  Ils  croissent  avec  le  paramStre  d'avancement,  mais  demeu- 
rent  faibles  jusqu'a  a  *  0,3.  Pour  A  voisin  de  0,3,  la  finesse  de  I'aile  en  mouvement  de 
tamis  se'  ble  etre  ligdrement  supirieure  a  celle  mesurie  en  regime  stationnaire  d  la  mfime 
incidence. 

De  nouvelles  mesures  sont  envisages  pour  A  croissant  jusqu'a  0,5,  qui  seront 
possibles  avec  une  maquette  de  dimensions  plus  faibles. 
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Le  Ddpartement  Recherches  do  la  division  Hdlicoptdres,  de  la  SNIAS  de  Marignane 
a  effectud  une  analyse  harmonique  des  rdsultats  exposds  ci-dessus  ;  les  observations 
faites  sur  le  premier  harmonique  ainsi  que  la  comparaison  des  rdsultats  obtenus  avec 
ceux  des  calculs  basds  sur  la  thdorie  de  Theodorsen  sont  donndes  en  Annexe. 
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Annexe 


ANALYSE  DES  PREMIERS  RESULTATS 
D'ESSAIS  INSTATIONNAIRES  EN  "TAMIS"  EFFECTUES  A  L' IMFM 
J.  Renaud  et  G.  Vingut 


1.  ANALYSE  DES  FORCES  DE  PORTANCE  :  COMPARAISONS  THEORIES  LINEARISEES  ET  ESSAIS 

1.1.  Une  analyse  harmonique  des  efforts  aArodynamiques  dans  les  axes  vent  a  6tA  ef- 
fectuAe  pour  les  different!  cas  d'essals  : 

-  Incidence  :  0*,  3®,  6® 

-  frequence  :  11,2  rd/s,  16,5  rd/s 

-  vitesse  soufflerie  :  10  m/s,  20  m/s,  30  m/s 

Le  premier  harmonique  de  la  portance  expArimentale  a  AtA  compare  aux  resultats 
de  deux  theories  linAarisAes  : 

1®)  ThAorie  pseudo-stationnaire 

2°)  ThAorie  instationnaire  de  Theodorsen. 

Lt  mouvement  du  profil  A  une  incidence  iQ  affichAe,  est  repr6sent6  comme  la 
superposition  de  deux  mouvement s  : 

-  Un  mouvement  de  tamis  pur  suivant  la  corde  de  portance  nulle 

-  Un  mouvement  de  pompage  suivant  une  direction  perpendiculaire  au  pr6cAdent. 

Le  profil  Atant  symAtrique,  seul  le  second  mouvement  donne  naissance  A  des  for¬ 
ces  de  portances  instationnaires. 

1.2.  La  comparaison  entre  les  deux  theories  (pseudo-stationnaire  et  Theodorsen),  est 
pr6sentAe  figure  27  oQ  ont  AtA  portAes  en  ordonnAe  les  portances  donnAes  par  les  deux 
theories  prAcAdentes,  ces  portances  instantanAes  Atant  rAduites  par  la  portance  station- 
naire  (correspondent  A  1' incidence  affichAe  iQ  et  A  la  vitesse  soufflerie). 

Compte  tenu  des  frequences  rAduites  asset  faibles  0,126  pour  la  figure 

27)  on  vArifie  que  la  thAorie  pseudo-stationnaire  reprAsente  correctement  le  phAnomSne. 

1.3.  La  comparaison  des  rAsultats  de  ces  deux  theories  avec  les  valeurs  expArimenta- 
les,  est  presentee  figure  28. 

-  On  note  que  les  deux  theories  sont  bien  representatives  des  valeurs  exp6rimentales 
du  premier  harmonique  des  efforts  de  portance. 

-  Les  ddphasages  notes  sur  les  planches  pr6c6dentes  entre  la  valeur  totale  instanta- 
n6e  de  la  portance  experimentale  et  la  valeur  donnee  par  la  thAorie  pseudo-stationnaire, 
sont  essentiellement  dOs  A  la  participation  des  harmoniques  superieurs. 


2.  INFLUENCE  DES  PARAMETRES  D'ESSAIS  SUR  LES  EFFORTS  INSTATIONNAIRES 

2.1.  Les  resultats  d'essais  ont  6t6  analyses  essentiellement  sous  deux  aspects  : 
influence  de  la  frequence  r6duite,  influence  de  1' incidence  affichee. 

Seul,  le  premier  harmonique  des  efforts  a6rodynamiques  instationnaires  a  AtA 
retenu  dans  cette  comparaison,  les  harmoniques  sup6rieurs  6tant  trop  faibles  pour  etre 
pris  en  consideration,  compte  tenu  de  la  precision  exp6rimentale. 

C'est  ainsi  que  pour  les  efforts  de  trainee,  la  participation  du  premier  harmo¬ 
nique  varie  de  10  A  40  1  des  efforts  statiques,  alors  que  celle  du  deuxiSme  harmonique 
reste  toujours  infArieure  A  4  1. 

2.2.  De  fagon  g6n€rale,  les  amplitudes  des  efforts  a6rodynamiques  (trainee,  portance, 
moment)  peuvent  8tre  correctement  representees  en  fonction  des  deux  seuls  paramStres  : 
incidence  et  frequence  r6duite. 

2.2.1.  L'amplitude  de  la  trainee  instationnaire  est  repr6sent6e  figure  29.  On  note  que: 

-  cette  amplitude  augmente  avec  la  frequence  r6duite, 

-  le  gradient  d' augmentation  est  d'autant  plus  fort  que  l'incidence  est  grande, 

-  la  participation  du  premier  harmonique  est  trAs  importante  dans  la  trainee  globale. 

2.2.2.  Les  variations  de  l'amplitude  de  la  portance  en  fonction  de  la  frequence  rAdui- 
te  et  de  l'incidence  affichAe,  sont  prAsentAes  figure  30.  Ces  amplitudes  ont  AtA  rAduites 
par  les  valeurs  respectives  des  portances  stationnaires  aux  incidences  aArodynamiques 
indiquAes.  On  note  : 

-  une  augmentation  pratiquement  linAaire  de  la  portance  instationnaire,  en  fonction 
de  la  frequence  rAduite, 

-  un  gradient  d'autant  plus  fort  que  l'incidence  aArodynamique  est  plus  AlevAe. 


f  ■.Vij'.l'i.’-l  i  --u  '/.'At  •  y* '  ■»'  Ms : 


2.2.3.  Les  amplitudes  des  moments  instationnaires  ont  itt  rdduites  par  les  valours 
des  moments  stationna Ires  correspondent  aux  incidences  a6rodynamiques  d'essai.  Compte 
tenu  de  cette  reduction,  il  s'avere  (voir  figure  31)  qu'une  courbe  unique  permet  de  re- 
pr6senter  Involution  de  l'amplitude  du  moment  en  fonction  de  la  frequence  r6duite, 
quelle  que  soit  1' incidence  (3*  et  6*). 

2.3.  Les  6tudes  de  stability  des  pales  d'hdlicoptfere  montrent  qu'en  g6n6ral  le  flot- 
tement  est  conditional  par  le  mouvement  en  trainee  des  pales. 

II  en  rdsulte  que  l'amortissement  adrodynamique  116  au  mouvement  de  tralnie  est 
d'une  importance  capitale  dans  ces  problimes  de  stabilit6. 

Les  diffdrents  cas  d'essai  de  tamis  ont  6t6  analysis  sous  cet  aspect  et  la  fi¬ 
gure  32  donne  involution  de  l'amortissement  r6duit  en  fonction  de  la  frdquence  r6duite, 
pour  les  3  incidences  affichdcs.  L'amortissement  rdduit  est  ici  d6fini  comme  le  rapport 
entre  le  travail  effectud  par  les  forces  adrodynamiques  au  cours  d'un  cycle  et  un  tra¬ 
vail  de  r6f6rence  :  i  A  Ts< 

On  constate  que  l'amortissement  r6duit  : 

-  a  une  valeur  importante  (de  100  6  200  1) 

-  croit  ligSrement  avec  la  frdquence  rdduite 

-  reste  constamment  positif  dans  le  domaine  d'essais  et  contribue  par  con$6quent  h 
une  amilioration  de  la  stabilit6 

-  dipend  relativement  peu  de  1' incidence. 
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SUMMARY 


An  aerodynamic  theory  is  presented  vhich  allows  the  determination  of  the 
unsteady  aerodynamic  loading  on  a  reference  section  of  a  helicopter  rotor 
blade  in  axled  or  hovering  flight  under  compressible  flow  conditions.  The 
aerodynamics  of  the  two-dimensional  flow  model  are  formulated  using  a.  kernel 
function  approach.  By  introducing  the  acceleration  potential  the  governing 
integral  equation  for  the  flow  and  its  attendant  dovnwash  boundary  condition 
are  developed  and  solved  numerically  using  a  pressure  mode  assumption  and  a 
collocation  technique.  The  compressible  aerodynamic  theory  thus  developed 
is  compared  analytically  with  two  other  existing  theories,  one  incompressible 
and  one  compressible,  and  is  shown  to  agree  with  these  theories  provided  that 
the  appropriate  limit  is  taken  so  that  the  flow  models  agree.  The  ratio  of 
blade  oscillatory  frequency  to  rotor  rotational  frequency  is  shown  to  be  the 
correlation  parameter  between  the  two  flow  models.  Differences  in  the  flow 
models  used  are  shown  numerically  to  cause  significant  differences  in  the 
aerodynsunic  coefficients  for  small  values  of  this  frequency  ratio,  but  for 
values  of  this  parameter  near  unity  the  aerodynsunic  coefficients  from  the 
three  theories  are  in  good  agreement.  For  the  case  of  zero  phasing  of  all 
rotor  blades,  two  degree  of  freedom  flutter  speeds  obtained  using  the  two 
compressible  aerodynsunic  theories  exhibit  the  same  order  of  differences  as 
the  aerodynamic  coefficients.  Incompressible  flutter  speeds  show  good 
agreement . 


NOTATION 
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h(2)  h(2) 
H0  '  H1 

h 

h' 

hab 


cA 


i 

Im 

K 

k 

L 


i.  ,  1 
h'  a 


pressure  series  coefficients 
free  stresun  speed  of  sound 

nondimens lonal  location  of  the  reference  airfoil  elastic  axiB  relative  to  midchord, 
measured  positive  aft 

semichord  length  of  reference  airfoil  section 

distances  by  which  wake  airfoils  lead  the  reference  airfoil,  defined  by  Equations  (33) 
Hankel  functions  of  second  kind  and  zeroth  and  first  order,  respectively 
inflow  ratio,  nondimensional,  h  ■  h'/b 

vertical  spacing  between  adjacent  wake  layers,  h'  =  2rru/Qf! 
plunging  displacement  of  elastic  axis,  positive  down 

plunge  of  reference  airfoil  measured  at  quarter  chord,  positive  dovn 

l/2 

unit  of  imaginaries,  i  =  (-1)  ' 
imaginary  part  of  a  complex  quantity 

kernel  function  of  the  dovnwash  integral  equation,  Equation  (17) 
reduced  frequency,  k  =  ta/u 
aerodynamic  lift,  positive  down 

aerodynamic  lift  coefficients  due  to  plunge  and  pitch,  respectively,  Equations  (32) 


aerodynaalc  lift  coefficients  uc*d  by  Jo  dm  and  Reo,11  Equations  (55) 

■action  Mach  nuaber,  N  -  Qp/a,, 

aerodynaalc  pitching  noasnt  about  the  quarter  chord,  poeltlve  noee  up 
frequency  ratio,  a  -  m/o 

aerodynaalc  aoaant  coefficient*  due  to  plunge  and  pitch,  respectively,  Equation*  (52) 
aerodynaalc  sonant  coefficients  used  by  Jones  and  Rao,11  Equations  (55) 
rotor  revolution  Index 
local  pressure 

free  streaa  pressure 

pressure  differential  across  reference  airfoil.  Equation  (9) 
total  nuaber  of  blades  In  rotor 
blade  Index  for  aultlh laded  rotor 
real  part  of  complex  quantity 

redial  distance  of  reference  airfoil  froa  center  of  rotation 

nondlaens local  radius  of  gyration  of  the  reference  airfoil  section  about  elastic  axis 
tlae  variable 

relative  free  streaa  velocity  which  the  reference  airfoil  experiences,  0  «  fir 

Inflow  velocity  through  rotor  disk 

downwash  velocity  at  a  general  field  point  In  the  flow 

a 

downwash  velocity  at  the  reference  airfoil  surface,  wft  -  vae 

parsaeters  defined  by  Equations  (6),  (It),  and  (17),  respectively 

Onrteslan  coordinate  systan)  x  poeltlve  downr ti-eca,  s  positive  up 

nondlnenslonai  location  of  reference  airfoil  renter  of  gravity  relative  to  the  elastic 
axis,  asasuxeu  positive  aft 

•  lot 

z-dlsplacaaent  of  a  point  on  the  aldsurface  of  the  reference  airfoil,  x,  •  *^e 

angle  of  attack  of  reference  airfoil,  positive  nose  up 

(l-*)1/2 

chordvlse  coordinate  defined  by  Equation  (27) 

O 

ness  ratio,  blade  section  aass  per  unit  span/xp^b 

doublet  strength/D,  l.e. ,  ZVq  ■  doublet  strength 

doublet  coordinates 

free  streaa  density 

disturbance  velocity  potential 

acceleration  potential 

doublet  acceleration  potential 

phase  angle  by  which  the  notions  of  the  q^  blade  leads  the  notions  of  the  reference  blade 

paranster  defined  by  Equation  (5) 

rotational  speed  of  rotor 

blade  oscillatory  frequency 

unco<9led  natural  frequency  In  bending 

uncoupled  natural  frequency  in  torelon 
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1.  HfTRODUCTIOH 

Aeroelastlc  analyses  are  essential  when  designing  a  vehicle  as  dynamic  as  the  helicopter.  These 
analyses  depend  heavily  on  knowledge  of  the  time-varying  forces  and  moments  acting  on  the  aerodynamic 
surfaces.  As  fixed  wing  vehicles  have  progressed  from  low  subsonic  speeds  through  high  subsonic  speeds 
to  supersonic  speeds  and  even  to  hypersonic  speeds  In  the  case  of  missiles  and  research  vehicles,  appro¬ 
priate  unsteady  aerodynamic  theories  have  been  developed  to  assist  In  predicting  aeroelastlc  Instabilities 
which  might  occur.  Unfortunately,  the  state  of  the  art  In  unsteady  helicopter  aerodynamics  has  not 
progressed  as  rapidly  as  that  for  unsteady  fixed  wing  aerodynamics.  This  Is  due  In  part  to  the  fact  that 
the  rotary  wing,  especially  In  the  forward  flight  mode,  Is  not  as  amenable  to  analysis  as  Its  fixed  wing 
counterpart.  In  dealing  with  the  unsteady  flow  fields  associated  with  helicopter  rotors,  the  analyses 
developed  for  fixed  wings  must  be  drastically  modified  or  abandoned  altogether  as  a  result  of  the  rotor 
blade  being  forced  to  pass  In  proximity  to  Its  wake  on  each  revolution. 

Many  of  the  first  attempts  to  analyte  the  unsteady  rotor  blade  aerodynamic  problem  were  based  on  the 
supposition  that  the  rotor  blade  could  be  replaced  by  an  equivalent  fixed  wing  with  an  appropriate  free 
stream  t  slocity.  The  potentially  Important  fact  that  the  helicopter  blade  is  forced  to  pass  over  Its  wake 
w>is  neglected.  It  might  be  noted  here  that  this  same  procedure  Is  currently  employed  by  some  In  attempting 
to  ascertain  the  effect  of  compressibility  on  the  aeroelastlc  Instabilities  of  rotor  blades. 

The  first  significant  unsteady  approaches  to  the  rotor  blade  aerodynamic  problem  which  considered  the 
rotor  blade  to  be  a  separate  entity  from  the  fixed  wing  were  made  by  Loevy,  Jones  ,2  and  Tlmman  and 
van  de  Vooren.3  These  Investigators  In  similar  but  Independent  studies  considered  the  flow  to  be  Incom¬ 
pressible  and  the  rotor  was  assumed  to  be  operating  In  axial  flight  or  In  a  hovering  condition.  Further, 
it  was  assumed  that  the  rotor  lnflov  velocity  was  low  compared  to  the  rotational  velocity.  With  these 
assumptions  it  was  possible  to  reduce  the  complicated  three-dimensional  rotor  flow  field  to  a  more 
manageable  two-dimensional  flow  field.  The  resulting  tvo -dimensional  mathematical  model  included  a 
reference  airfoil  together  with  a  complete  system  of  wakes  shed  by  other  blades  In  the  rotor  as  well  as 
the  wake  shed  by  the  reference  blade  on  previous  revolutions,  nils  system  of  wakes  1b  the  one  thing  which 
makes  the  helicopter  aerodynamic  analysis  so  much  more  complicated  than  the  fixed  wing  aerodynamic  problem. 
Whereas  for  the  fixed  wing  the  wake  Is  assumed  to  lie  In  the  same  plane  as  the  wing,  the  helicopter  rotor 
wake  Is  blown  belov  the  plane  of  the  rotor  by  the  lnflov  velocity.  Determination  of  the  blade  loading 
depends  on  knowing  the  location  of  the  wake.  Using  the  two-dimensional  approximation  to  the  rotor  flow 
field  described  above,  l&cwf  «»•  able  is,  *how  that  the  dlaeti*  kul  iumdltg  of  ihe  rtfeMUte  alrT  ill 

could  be  written  In  the  same  form  as  the  loading  on  a  two-dimensional  fixed  wing  airfoil  with  the  stipula¬ 
tion  that  Theodors  en's^  lift  deficiency  function  be  replaced  by  a  aodlfle  lift  deficiency  function 
applicable  to  rotor  aerodynamics. 

In  order  to  determine  the  importance  of  the  rotor  wake  a  comparison  was  made,  Reference  5,  between  the 
flutter  speed  obtained  for  a  two  degree  of  freedom  system  using  Loevy' b1  aerodynamics  and  the  flutter  Bpeed 
for  the  same  system  using  Theodoi  cu's^  fixed  wing  aerodynamics.  The  results  of  this  study  indicated  that 
given  the  same  structural  dynamic  conditions  the  flutter  speed  obtained  using  Loevy' s  aerodynamics  was 
generally  lover  than  the  flutter  speed  obtained  using  Theodorsen's  aerodynamics.  The  implications  of  this 
result  are  that  the  rotor  wake  which  lies  belov  the  reference  airfoil  exerts  a  destabilizing  influence  on 
the  two  degree  of  freedom  flutter  condition  and  hence  that  the  use  of  unsteady  fixed  wing  aerodynamics  In 
rotor  blade  flutter  calculations  will  lead  to  unconservative  results. 

numerous  papers,  References  6-8  are  examples,  have  been  published  which  deal  with  the  problem  of 
three-dimensional  rotary  wing  aerodynamics.  In  all  these  papers  the  problem  of  specifying  the  location 
of  the  wake  Is  stressed  and  the  papers  have  at  least  one  common  feature  -  that  of  Incompressible  flow. 
However,  as  Indicated  by  Paul9  tome  present-day  helicopters  operate,  with  tip  speeds  In  the  high  subcode 
speed  range.  This  suggests  that  compressibility  effects  should  be  Included  In  any  realistic  analysis  of 
helicopter  rotor  blade  loads.  Unlike  the  steady  flow  case,  the  transition  from  irrepressible  to  compres¬ 
sible  unsteady  flow  results  cannot  be  accomplished  by  simple  transformations  such  as  the  Prandtl -Glauert 
transformation.  This  difficulty  follows  from  the  result  that  In  an  incompressible  fluid  a  disturbance  is 
propagated  at  an  Infinite  velocity  and  thus  no  time  lag  occurs  betveen  the  initiation  of  a  disturbance  and 
Its  effect  at  some  other  point  in  the  flow.  However,  in  a  compressible  medium  a  definite  time  is  required 
for  a  signal  to  reach  a  distant  field  point  so  that  beth  a  time  lag  and  a  charge  In  magnitude  recult. 

In  this  paper  an  unsteady  aerodynamic  theory  for  helicopter  rotors  which  allows  for  the  compressibility 
of  the  fluid  medium  Is  presented.  The  assumptions  made  by  Loevy1  are  employed  to  reduce  the  aerodynamic 
problem  to  two  dimensions.  The  approach  used  to  obtain  tie  oscillatory  loading  on  a  reference  airfoil 
section  of  the  rotor  Is  essentially  the  same  as  that  used  In  many  fixed  wing  analyses.  The  acceleration 
potential  Is  used  in  developing  an  Integral  relation  betveen  the  down  wash  and  pressure  distribution  on  the 
reference  airfoil.  The  integral  equation  thus  obtained,  which  Is  the  same  as  Possio's10  fixed  wing  Integral 
equation  with  the  addition  of  a  correction  term  to  account  for  the  helicopter  wake,  Is  finally  solved  by 
collocation  for  the  unknown  pressure  distribution. 

Jones  and  Rao11  have  recently  published  a  similar  theory  for  the  unsteady  compressible  aerodynamic 
loading  on  rotor  blades.  Their  theory  differs  from  that  developed  in  the  present  paper  in  that  a  velocity 
potential  approach  was  used  In  conjunction  with  the  Identical  flow  model  used  by  Loevy.1  One  of  the  major 
conclusions  reached  In  Reference  11  was  that  the  helicopter  wake  had  exactly  the  same  effect  on  the 
unsteady  aerodynamic  blade  loading  In  both  compressible  and  incompressible  flows.  As  will  be  shown  later, 
this  conclusion  was  a  direct  consequence  of  the  flow  model  employed.  The  flow  model  used  In  the  present 
study  Is  a  modified  version  of  the  two-dimensional  model  used  b>  Loevy,  and  Jones  and  Rao*,  the  modifications 
being  necessary  to  accommodate  the  acceleration  potential  approach. 
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2.  FLOW  HD  DEL 

Loevy^  has  given  a  rather  complete  discussion  of  the  unsteady  flow  field  associated  vlth  a  helicopter 
rotor  In  hovering  or  axial  flight.  The  basic  flov  picture  consists  of  a  reference  blade  and  a  wake  which 
has  been  blown  below  the  rotor  disk  by  the  Inflow  velocity  through  the  disk.  The  customary  assumption  Is 
that  the  wake  forms  a  helical  surface  of  vortlclty  which  extends  to  Infinity  below  the  rotor. 

By  making  certain  assumptions  Loevy  was  able  to  argue  that  the  three-dimensional  flow  field  could  be 
reduced  to  a  two-dimensional  one.  The  basic  assumption  which  led  to  this  reduction  Is  that  under  axial 
flight  and  low  Inflow  conditions,  only  that  vortlclty  which  lies  In  a  small  azimuth  angle  on  either  side 
of  the  reference  blade  significantly  affects  the  loading  on  that  blade.  The  further  assumption  of  the 
lndepender.—  of  each  radial  station  allows  the  further  reduction  to  two-dimensional  flow. 

The  flov  picture  thus  arrived  at  by  Loevy  is  shown  in  Figure  1.  Note  that  the  flow  consists  of  a 
reference  airfoil  section  and  Its  Immediate  trailing  vake  (both  In  the  same  horizontal  plane)  together 
with  a  system  of  hcrlzontal  wake  layers  lying  at  regularly  spaced  intervals  below  the  reference  section. 
These  wake  layers  below  the  reference  airfoil  account  for  the  vake  vhlch  was  shed  by  other  blades  In  the 
rotor  as  well  as  that  shed  by  the  reference  blade  on  previous  revolutions.  The  spacing  between  the  layers 
Is  determined  by  the  inflov  and  rotational  velocities.  The  flow  model  shovn  In  Figure  1  is  also  the  model 
used  by  Jones  and  Rao11  in  their  compressible  flov  analysis. 

In  analyzing  the  flow  model  shown  in  Figure  1  both  Loevy  and  Jones  and  Rao  used  a  velocity  potential 
approach.  In  the  present  paper,  on  the  other  hand,  the  acceleration  potential  approach  which  has  proved 
fruitful  in  fixed  wing  compressible  flow  analyses  is  adopted  as  the  basic  method  of  attacking  the  problem. 
The  use  of  the  acceleration  potential  leads  to  difficulties,  however,  when  one  attempts  to  apply  the  method 
to  the  flow  model  shown  In  Figure  1. 

In  the  velocity  potential  approach  the  elemental  flow  solutions  from  which  the  overall  flow  is  to  be 
developed  must  be  distributed  in  'he  wake  as  veil  as  on  the  airfoil  itself  In  order  to  account  for  the 
velocity  discontinuity  which  exists  across  the  wake  and  across  the  airfoil.  In  contrast,  the  acceleration 
potential  la  associated  with  a  pressure  discontinuity  and  thus  the  elemental  flows  may  be  distributed  on 
tvc  airfoil  only  since  no  pressure  lirccttinulty  ie  allowed  to  exist  in  the  wake.  With  the  acceleration 
potential  approach,  therefore,  it  is  necessary  to  introduce  a  device  by  which  the  layers  of  wake  lying 
below  the  reference  airfoil  can  be  taken  into  account. 

The  mathematical  model  used  in  this  paper  is  evolved  using  the  following  reasoning.  Consider  first  a 

single  Hated  roit-  and  e  wmenes  Hade  aatMon  a  radial  44etanee  *  fro®  ea& 

As  the  blade  traverses  the  azimuth  it  trails  a  wake  which  is  blown  below  the  blade  by  the  inflow  velocity. 
When  the  reference  section  has  made  one  complete  revolution  it  haB  traveled  a  distance  of  2xr.  As  the 
blade  makes  its  second  revolution  it  sees  a  wake  which  was  shed  on  the  first  revolution  and  which  haB  been 
displaced  dovnvard  by  the  inflow  velocity.  This  vake  layer  can  be  thought  of  as  being  shed  by  an  airfoil 
Identical  to  the  reference  airfoil  and  which  is  flying  under  the  reference  airfoil  and  leading  it  by  a 
distance  of  2rrr.  On  the  third  revolution  the  reference  airfoil  sees  two  layers  of  wake}  the  lowermost 
layer  being  shed  on  the  first  revolution  and  the  upper  layer  shed  on  the  second  revolution.  The  reference 
airfoil  has  now  traveled  a  distance  of  4nr  since  the  vake  was  shed  on  the  first  revolution  and  a  distance 
of  2itr  since  the  wake  was  shed  on  the  second  revolution.  To  account  for  these  wake  layers,  two  airfoils 
art  placed  below  the  reference  airfoil;  the  lowermost  one  leading  the  reference  airfoil  by  a  distance  of 
W  and  the  upper  one  meaning  the  reference  airfoil  by  a  distance  ol  fcnr.  The  vertical  spacing  of  the 
individual  layers  is  governed  by  the  inflow  and  rotational  velocities  and  is  the  same  ae  fr  Loewy's  model 
in  Figure  1.  By  continuing  the  above  process  the  entire  wake  can  be  represented  by  a  semi-i  inite  cascade 
dt  wgttlwly  HpatBft  be!*!*  n.f  twi.ee  «td  iwt&kng  4%  Vj  tottgw  {A 

The  argument  for  a  multibladed  rotor  is  precicely  the  same  as  for  a  single  bladed  rotor.  The  passage 
of  blades  other  than  the  reference  blade  is  accounted  for  by  airfoils  below  the  reference  airfoil  and 
interspersed  between  the  "wake  airfoils"  representing  previous  passages  of  the  reference  airfoil.  The 
resulting  two-dimensional  flow  model  which  is  used  in  the  mathematical  development  is  shown  in  Figure  2. 


3.  MATHEMATICAL  FORMULATION 

With  the  mathematical  flow  model  thus  established  the  problem  remains  to  determine  the  nonstatlonary 
lift  and  moment  on  the  reference  airfoil  when  it  is  permitted  to  oscillate  with  simple  harmonic  motion  as 
it  moves  through  a  compressible  medium.  In  the  following  development  classical  small  disturbance  assump¬ 
tions  are  made  so  that  the  governing  differential  equation  for  the  flov  may  be  taken  as  the  linearized 
acceleration  potential  equation 


The  acceleration  potential  ♦  if  related  to  the  disturbance  velocity  potential  cp  by 

«> 

and  to  the  pressure  at  any  point  in  the  flow  through  the  equation 


P  -  P„  -  -oj 
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The  pr*i«ur«  on  the  reference  airfoil  1*  obtained  In  a  aanner  typical  of  aoit  linearised  aerodynamic 
analyse*.  An  elementary  flow  solution  Is  first  found  for  the  governing  differential  Equation  (l).  Hie 
total  flov  solution  Is  then  found  by  euperlaposlng  the  eleaental  flow  solutions  and  satisfying  the  tvo 
boundary  conditions  for  potential  flows t  (1)  All  disturbances  aust  vanish  at  field  points  far  reaoved 
from  the  body,  and  (2)  the  flov  at  the  body  must  follow  the  body  surface. 

Since  the  flov  model  shown  In  Figure  2  Is  s  lnply  a  seal-infinite  cascade  of  fixed  wing  airfoils  an 
Integral  equation  will  first  be  develcped  which  relates  the  dovnwash  at  any  point  (x,z)  In  the  flow  to 
the  pressure  difference  across  a  single  airfoil.  The  rotary  wing  effects  are  then  Included  by  determining 
the  dovnwash  at  the  reference  airfoil  due  to  all  the  "wake  airfoils"  of  Figure  2.  In  this  development  the 
elemental  flov  solution  to  Equation  (l)  Is  taken  as  the  pulsating  line  doublet.  It  Is  shown  In  Reference  12 
that  the  acceleration  potential  for  such  a  line  doublet  which  is  pulsating  harmonically  with  a  frequency  a> 
and  a  strength  UUq  Is  given  by 

*D  "  ***D  §T  W 


where 


♦e 


1  #lk^(x-t)/S2b 
Ip  e 


(V) 


lot 


(5) 

(6) 


Rote  that  the  eleaental  solution  satisfies  the  first  boundary  condition  that  all  disturbances  vanish  at 
points  far  reaoved  from  the  body.  Therefore,  any  superposition  of  these  elemental  solutions  will  also 
satisfy  this  boundary  condition. 

These  pulsating  doublets  are  next  distributed  over  the  chord  of  an  airfoil  which  is  displaced  a  dis¬ 
tance  £  In  the  z-dlrection  from  the  origin  of  the  coordinate  system  and  vhoBe  chord  extends  from 
x  m  -b  to  x  -  +b.  Hie  acceleration  potential  for  this  distribution  of  doublets  becomes 

/_>  dl  <T> 

It  can  be  shown,  using  Equation  (3) ,  that  the  doublet  strength  Is  related  to  the  pressure  difference  across 
the  airfoil  by 


where 


/»*(*)  -  %  *  PL  -  ApJaOe1"* 


(8) 

(9) 


Hie  acceleration  potential  thus  becomes 


t 


-ft 


(10) 


How  In  order  to  be  able  to  satisfy  the  second  boundary  condition  on  the  flow  the  dovnwash  v  at  the 
airfoil  must  be  known.  Since  the  doublets  were  assumed  to  be  pulsating  harmonically  with  time,  the  accel¬ 
eration  potential  and  hence  the  velocity  potential  will  vary  harmonically  with  time.  Thus 


♦  -  ♦  em 


<P  -  <P  e 


hot 


Introducing  this  harmonic  variation  Into  Equation  (2) 


y  .  loxp  +  U 


(11) 


This  last  equation  can  be  integrated  to  give 


p(x,z)  -  jlj  f*  ♦(t’,z)e-*B(x-t,)/k  di' 


(12) 
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The  dovnmsh  le  exp  reeled  Id  teru  of  the  velocity  potential  by 


eo  that  In  tern  of  the  acceleration  potential 

_ifl>t  rx 


v(x,tit)  m  ^  dt* 


Introducing  Equation  (10)  Into  Equation  (13) 


The  order  of  Integration  In  Equation  (lU)  can  be  reversed  to  give  the  acre  familiar  form  of  the  equation, 
namely 

/_‘*.< 

2 

•  ^  B^2)(v”)dl'  d{  (15) 

dz 

Manipulation  of  the  Interior  Integral  of  Equation  (13)  leads  to  the  kernel  for  tvo-dlaenslonal  compressible 
unsteady  flov.  The  resulting  dovnvash  equation  Is 


v(x,zjt) 


u>  in>t 


it)  - - -  e 

PJT 


^(t)^,  My.il,  Myll  dj 


where  the  kernel  of  the  equation  Is  given  by 


For  complete  details  of  the  reduction  of  the  Inner  Integral  of  Equation  (13)  to  the  kernel  of  Equation  (16), 
see  Reference  12. 

If  5-0  Is  substituted  Into  Equation  (lo)  and  the  limit  Is  taken  as  z  approaches  zero,  then  the 
eqpiatlon  becomes  Possio  's-  equation  for  a  fixed  wing  airfoil  oscillating  In  a  compressible  stream.  The 
kernel  In  this  case  becomes 

♦  au)  (is) 

An  excellent  discussion  of  the  development  of  this  equation  has  also  been  given  by  Watkins,  et  al.1^ 

Equation  (l6)  may  now  be  used  to  determine  the  dovnvash  at  the  reference  airfoil  in  terms  of  the  pres¬ 
sure  distribution  on  the  reference  airfoil.  This  Is  accomplished  by  recognizing  that  Equation  (16)  is 
applicable  for  each  airfoil  In  Figure  2  If  a  simple  transformation  of  coordinates  1<  made  In  the  case  of 
the  "wake  airfoils."  The  limit  z  -* 0  Is  then  taken  to  obtain  the  dovnvash  at  the  reference  airfoil.  If 
It  Is  assumed  that  the  pressure  distribution  on  the  q&  blade  has  the  same  magnitude  as  that  on  the  refer¬ 
ence  blade  but  leads  It  In  time  by  a  phase  angle  the  dovnvash  on  the  reference  airfoil  may  be  vritten  as 
v 
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(19) 


’.<*>  ■  ■  iy{fl  °}' 

+  V  ^  .l*«  /*  4f,(iw[»,  2»(«  *  q)  |  *  ,J,  (qQ  ♦  qlkhl  « 

zuO  q-1  J 

III  /®a(  1)k|m,  2nata  +  k^Xb~  *),  nQkhJdtj 


n-1 

The  first  Integral  In  Equation  (19)  la  the  integral  derived  by  Poe  el  for  the  two-dimensional  fixed 

vlng.  The  double  sun  represents  the  dovnvash  at  the  reference  airfoil  caue  >d  by  previous  passages  of  blades 
In  the  rotor  other  than  the  reference  blade.  Finally,  the  single  bub  represents  the  dovnvash  at  the  refer* 
ence  airfoil  due  to  previous  passages  of  the  reference  airfoil. 

If  all  blades  are  assumed  to  oscillate  ln-phase,  as  Is  the  case  for  "collective"  type  disturbances, 
then  Vq  -  0  and  Equation  (19)  reduces  to 


»„<x|  •  "  i//:  oJas 

*  t  /“  aS.<!l{>'- 

W  W 


2«w  |  +  k<Y  nkhjdjj 


(20) 


It  aay  be  noted  that  this  last  equation  Is  exactly  the  sasie  as  the  dovnvash  expression  one  would  obtain  for 
a  single  bladed  rotor  vith  a  frequency  ratio  m/ft  and  an  lnflov  ratio  h.  Thus,  vlth  the  assumption  that 
all  the  blades  are  oscillating  ln-phase  the  aerodynamic  development  for  a  multlbladed  rotor  can  be  reduced 
to  the  consideration  of  an  equivalent  single  bladed  rotor  vlth 


eq 
heq‘h 


■/Q 


(21) 


Since  this  reduction  to  an  equivalent  single  bladed  rotor  Is  possible,  all  numerical  results  presented  belov 
are  for  a  single  bladed  rotor. 

The  dovnvash  at  the  reference  airfoil  Is  specified  by  the  motion  of  the  airfoil.  If  the  displacement 
of  the  airfoil  Is  given  by  s*  then  the  dovnvash  le  given  by 


d*a 

wa(xtt)  .  g—  +  u  —  for  -b  i  x  <  b 

(22) 

Assuming  simple  harmonic  motion  for  the  airfoil 

*a(xjt)  -  *a(*)eiu>t 

(23) 

the  dovnvash  becomes 

vft(x)  -  I*.  ♦  U  gjj- 

(2*) 

For  an  airfoil  which  Is  free  to  pitch  about  the  quarter-chord  point  and  plunge  as 
displacement  of  the  airfoil  aay  be  written  as 

shown  In  Figure  3  the 

*a(x»t)  -  -\/k  *  (*  +  D* 

(25) 

And  for  s lapis  harmonic  motion 

hc/k  -  h  e 
a-Se1^ 

where  h  and  a  are  complex  quantities.  The  dovnvash  thus  becomes 

HC 

1 

1 

£ 

1 

1  w  ) 
+ 

p 

Pa 

(26) 

In  attempt  log  to  solve  Equation  (20)  one  notices  lmsiedlately  that  the  unknown  In  the  equation  £$  (x) 
Is  contained  vlthln  the  Integral  and  the  known  quantity  va(x)  Is  on  the  left-hand  side.  Since  no  Inver¬ 
sion  formula  Is  known  for  this  equation  a  collocation  technique  Is  used.  It  Is  first  usuaed  that  the 
pressure  distribution  say  be  written  In  the  well-known  form 
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Ap,(8)  -  A„  cot  | 


cos  8  ■  -  i 

lhe  fen  of  this  series  Is  dictated  by  two  con* lderat ions:  (l)  The  linearizing  assumptions  In  subsonic 
■■all  disturbance  theory  are  known  to  lead  to  a  square  root  singularity  In  the  pressure  distribution  at 
the  leading  edge,  and  (2)  the  Kutta  condition  Bust  be  eatlsfled  at  the  trailing  edge. 

With  this  pressure  Bode  assumption  the  Integral  Equation  (20)  may  be  solved  subject  to  the  boundary 
condition  Equation  (26)  to  yield  the  unknown  coefficients  In  the  pressure  series.  This  Is  accomplished  by 
truncating  the  series  In  Equation  (27)  after  a  finite  nuaber  of  terms,  substituting  the  finite  series  In 
Equation  (20),  and  performing  the  necessary  Integrations.  By  choosing  an  equal  number  of  points  at  which 
the  downwash  boundary  condition  Is  to  be  satisfied,  a  system  of  algebraic  equations  Is  generated  which  can 
be  solved  for  the  unknown  coefficients. 


Once  the  pressure  distribution  Is  determined  the  unsteady  lift  and  moment  may  be  calculated, 
(positive  down)  Is  given  by 


L  ’  f  '  PL)dx 

u  -b 


The  lift 

(28) 


and  the  pitching  moment  about  the  quarter-chord  point  (positive  nose  up)  by 

Mc/U  "  /_b  <Pu  ‘  pL>(x  +  !}* 


(29) 


Since  the  pressure  Is  assumed  to  be  harmonic  In  time  the  lift  and  moment  must  also  vary  harmonically  as 


so  that 


L  -  £  e 


iu»t 


\ 


(30) 


Hote  here  that  L  and  M  ,,  are  complex  quantities.  Substituting  Equations  (27)  Into  Equations  (30)  gives 
the  lift  and  moment  In  terms  of  the  pressure  series  coefficients 


E  -  ^  *  |  *i) 

”c/4  "  £  *b2(Ai " 


(31) 


Although  the  lift  and  moment  depend  only  on  the  first  three  coefficients  of  the  pressure  series,  this  does 
not  mean  that  only  the  first  three  terms  of  the  pressure  series  need  be  considered.  The  values  of  the 
first  three  coefficients  of  the  series  will  change  as  more  and  more  collocation  points  and  terms  In  the 
series  are  used  and  the  boundary  condition  Is  satisfied  more  exactly. 


for  use  In  a  flutter  analysis  these  quantles  are  written  In  the  usual  form  employing  aerodynamic  coef¬ 
ficients,  namely 


(32) 


where  the  aerodynamic  coefficients  1^,  la,  i%,  and  %  are  complex  quantities  that  account  for  the  phase 
lag  between  the  forces  and  motions. 


k.  AHALTTICAL  CCKPARISOBS 

Before  presenting  results  of  the  numerical  calculations  It  Is  of  interest  to  compare  the  downwash 
equation  developed  In  the  previous  section  with  the  downwash  equation  obtained  by  LoewjA  and  Jones  and  Rao^-. 
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13-9 

This  companion  la  foe  111  uit  ad  by  noting  that  the  distance*  by  which  the  wake  airfoils  lead  the  reference 
airfoil  cos  be  written  a* 

%  ■  •>*(■  *  8 

D  -  2n*r 
n 

where  Dnq  corresponds  to  wake  alrfolla  representing  previous  passages  of  blades  other  than  the  reference 
blade  and  Dn  corresponds  to  airfoils  representing  previous  pansages  of  the  reference  blade.  Observe  from 
Figure  2  that  If  all  the  wake  airfoils  ore  forced  to  lead  the  reference  airfoil  by  an  Infinite  distance 
then  the  flow  model  of  Figure  2  would  be  exactly  the  flow  model  used  by  Loewy  and  Jones  and  Rao  as  shown  In 
Figure  1.  The  analytical  comparison  of  the  three  theories  Is  accomplished  by  introducing  Equations  (33) 
Into  the  second  and  third  terms  of  Equation  (19)  by  replacing  the  appropriate  terms  In  the  respective 
kernels.  For  the  limits  Dnq  -►»  and  Dn  -*•»  the  two  flow  models  agree.  It  Is  shown  In  Reference  12 
that  this  limiting  procedure  does  In  fact  reduce  Equation  (19)  to  the  downwaoh  equations  obtained  by  Loewy 
and  Jones  and  Rao.  Thus  if  the  Indicated  limit  of  the  flow  model  used  In  the  present  paper  Is  taken,  then 
the  present  aerodynamic  theory  reduces  exactly  to  the  earlier  theories  of  Loewy  and  Jones  said  Rao. 

This  limit  taking  process  in  ei'fect  causes  the  wake  airfoils  to  lead  the  reference  airfoil  by  an 
Infinite  distance  and  presents  no  real  problem  in  the  case  of  Incompressible  flow.  However,  when  the  flow 
Is  considered  to  be  compressible  an  interesting  result  occurs.  Whereas  a  disturbance  Is  propagated 
Instantaneously  but  Is  attenuated  by  distance  In  an  Incompressible  fluid,  the  speed  of  propagation  Is 
finite  In  a  compressible  medium  so  that  both  a  time  lag  and  a  decay  In  the  magnitude  of  the  disturbance 
result  as  the  disturbance  is  transmitted  through  the  fluid.  When  the  wake  airfoils  are  at  Infinity  this 
means  that  the  perturbations  In  the  flow  caused  by  each  wake  airfoil  must  travel  an  Infinite  distance  before 
reaching  the  reference  airfoil.  This  In  effect  means  that  as  far  as  the  reference  airfoil  is  concerned  the 
wakes  which  are  trailed  by  the  wake  airfoils  are  the  same  as  the  ones  which  vould  occur  If  the  flow  were 
Incompressible. 

This  conclusion  of  an  incompressible  wake  Is  one  of  the  major  results  of  Reference  11.  That  is,  Jones 
and  ft*  f  .und  1‘ra*  the  Infl'-lt"  >faml>ev  i  wake  iKyer,’  below  the  reference  airfoil  a?  shown  In  Figure  1  had 
the  same  Influence  on  the  downwush  at  the  reference  airfoil  in  compressible  flow  as  in  Incompressible  flow. 

An  incompressible  wake  is  not  possible  when  the  flow  model  of  Figure  3  is  used.  The  dependence  of  the 
wake  terms  on  Mach  number  Is  shown  explicitly  by  Equations  (17)  and  (19)  • 


5.  DISCUSSIOM  OF  RESULTS 

It  was  established  In  the  previous  section  that  In  the  limit  as  the  wake  airfoils  of  Figure  2  lead  the 
reference  airfoil  by  an  Infinite  distance  the  downwash  equation  of  this  paper  agrees  with  those  of  Loewy1 
and  Jones  and  Rao.11  This  limiting  process  causes  the  flow  model  of  Figure  2  to  agree  with  that  of 
Figure  1.  Fur  reullotlu  \alute  uf  the  aerudytamlc  parwueters ,  hu.ever,  the  two  flow  aodtle  cannot  he 
expected  to  be  Identical.  For  this  reason  a  numerical  comparison  of  the  three  theories  Is  presented  in 
this  section. 

For  the  equivalent  single  bladed  rotor  the  rvUl  wake  airfoil  of  Figure  2  leads  the  reference  airfoil  by 
<i  dfttanw  given  by  the  seetnd  -f  Equations  (33)  Ira  it  fiae lng  the  reduced  frequency  *nd  frequency  reeia 
parameters  this  equation  may  be  written  as 

Dn*2"«7  (3b) 

From  Equation  (3*0  It  can  be  seen  that  If  the  frequency  ratio  m  Is  Increased  while  all  the  other  aero¬ 
dynamic  parameters  are  held  constant,  the  effect  of  increasing  the  distance  by  which  the  wake  airfoils  lead 
the  reference  airfoil  can  be  determined.  This  In  turn  allows  one  to  determine  quantitatively  the  effect  of 
the  two  flow  models  on  the  aerodynamic  co* fflclents . 

Ihls  variation  of  the  frequency  ratio  was  made  and  the  results  are  presented  In  Figures  b(a)  -  (d). 

It  should  be  noted  that  for  ease  of  comparison  the  aerodynsmic  coefficients  are  plotted  in  the  notation  of 
Reference  11.  These  coefficients  are  related  to  thOBe  of  Equations  (32)  by 

'lz  ’  "Re(V  “z  "  Re'°h^ 

“  i 

>  (35) 

la  =  -Re(la)  ma  “ 

L.-iis^a)  "  k  Im('t) 

In  performing  the  numerical  calculations  it  was  found  that  approximately  bo  terms  of  the  wake  series 
were  necessary  In  most  caBes  to  achieve  satisfactory  convergence  of  the  series.  The  number  of  collocation 
points  used  were  varied  from  3  to  10  and  It  was  found  that  In  all  cases  3  collocation  points  were  sufficient. 
It  should  be  noted  that  the  number  of  collocation  points  used  Is  Independent  of  the  number  of  terms  taken 
In  the  wake  aeries. 

As  can  be  seen  from  Figures  b(a)  -  (d)  the  agreement  between  the  aerodynamic  theories  does  Indeed 
Improve  as  the  frequency  ratio  m  1c  Increased.  It  Is  of  Interest  to  point  out  that  the  aerodynamic 
theories  of  Loewy1  and  Jones  and  Rao11  are  cyclic  in  frequency  ratio  whereas  the  theory  rresented  in  this 
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paper  la  not.  That  la,  for  1  £  o  S  2  the  Loevy  and  Jones  and  Rao  curvea  would  remain  exactly  aa  ahown 
In  Flgurea  4(a)  -  (d)  but  the  curvea  from  the  theory  preaented  In  tbla  paper  vould  change  and  should  be  In 
better  agreement  with  the  other  two  theorlea.  The  significant  point  about  Figures  4(a)  -  (d)  is  that  they 
show  the  results  of  the  tvo  possible  mathematical  representations  of  the  two-dimensional  flow  over  heli¬ 
copter  blades.  As  shown  In  the  figures,  the  differences  can  be  considerable  at  low  values  of  frequency 
ratio,  but  tend  to  diminish  as  frequency  ratio  Is  Increased. 

In  order  to  more  fully  evaluate  the  differences  in  the  aerodynamic  coefficients  aa  shown  In  Fig¬ 
ures  4(a)  -  (d),  a  tvo  degree  of  freedom  flutter  analysis  was  conducted.  The  flutter  model  Is  shown  In 
Figure  5 .  The  equations  of  motion  for  this  system  are  well  known  and  will  not  be  presented  here  (see 
Reference  14  for  a  derivation).  The  nondlmensional  structural  parameters  which  enter  the  flutter  problem 
are  given  below  along  with  the  values  chosen  as  typical  of  currer.t  helicopter  blade  designs: 

U  -  mass  ratio  -  80.0 

ra  -  radius  of  gyration  «  0.5 

.  bending-torsion  frequency  ratio  -  0.5 

a  «  pitch  axis  location  >  -0.4 

Xq,  m  c.g.  location  -  0.10 

The  flutter  speeds  obtained  from  the  model  shown  In  Figure  5  using  the  three  aerodynamic  theories 
discussed  esurller  are  plotted  in  Figure  6  as  a  function  of  frequency  ratio  for  an  Inflow  ratio,  h  -  2.0, 
and  Mach  numbers  of  0.0,  0.6,  and  0.8.  Note  that  the  flutter  trend  with  Mach  number  Is  generally  the  same 
sls  In  the  fixed  wing  case,  l.e.,  as  Mach  number  Is  increased  the  flutter  speed  Index  Is  decreased.  Also 
apparent  Is  a  considerable  difference  In  the  flutter  results  obtained  with  the  tvo  compressible  aerodynamic 
theories  discussed,  l.e.,  Jones  ana  Rao11  and  the  present  theory,  for  frequency  ratios  less  than  approxi¬ 
mately  0.5-  These  differences  might  have  been  expected  from  the  differences  reen  In  the  aerodynamic  coef¬ 
ficients.  Die  M  »  0.0,  or  incompressible  results,  on  che  other  hand,  are  In  better  agreement.  This 
result  Indicates  that  the  finite  proximity  of  the  wake  airfoils  In  the  present  theory  does  not  significantly 
alter  the  Incompressible  results  but  Is  important  In  representing  the  compressible  features  of  the  wake. 

As  a  final  result,  Whlte1^  has  recently  applied  the  three  aerodynamic  theories  discussed  here  in  a 
strip  theory  fashion  to  a  hovering  rotor.  Figure  7  taken  from  Pierce  and  White's1®  paper  presents  one 
flutter  point  thus  obtained  compared  to  an  experimental  point  obtained  by  Brooks  and  Baker.11  Hie 
unorthodox  behavior  of  the  V-g  plot  is  discussed  in  detail  In  References  15  and  l6  and  will  not  be  discussed 
further  here.  Of  interest,  however,  Is  the  close  agreement  of  the  flutter  point  obtained  with  the  aerody¬ 
namic  theory  presented  here  and  the  one  obtained  using  Jones  and  Rao's  theory.  Note  also  the  close  agree¬ 
ment  with  the  experimental  point.  Another  point  worth  noting  with  regard  to  Figure  7  is  that  the  frequency 
ratio  m  at  flutter  was  approximately  2. 3-  At  a  frequency  ratio  this  high  the  aerodynamic  coefficients  of 
the  present  study  should  correspond  closely  to  those  calculated  by  the  theory  of  Reference  11  and  thus  one 
vould  expect  the  flutter  points  calculated  using  the  two  aerodynamic  theories  to  be  In  good  agreement. 


6.  CONCLUSIONS 

An  aerodynamic  theory  has  been  presented  vhlch  allows  the  determination  of  the  unsteady  aerodynamic 
loading  on  a  reference  section  of  a  helicopter  rotor  blade  In  axial  or  hovering  flight  in  subsonic  compres¬ 
sible  flow.  This  theory  has  been  compared  with  similar  theories 'presented  by  Loevy1  and  Jones  and  Rao11 
and  the  following  conclusions  obtained: 

1.  In  the  limit  as  the  flow  model  used  In  the  present  paper  approaches  the  flow  model  used  in 
References  1  and  11,  the  aerodynamic  theory  presented  here  coincides  exactly  with  those  theories. 

2.  The  wake  obtained  in  the  present  theory  accounts  for  compressibility.  The  incompressible  flow 
wake  obtained  in  Reference  11  was  shown  to  be  a  direct  consequence  of  the  flow  model  employed. 

3*  The  differences  in  the  flow  model  used  In  the  present  theory  and  that  used  in  References  1  and  11 
causes  significant  differences  in  the  aerodynamic  coefficients  calculated  for  small  values  of  the  ratio  of 
blade  oscillation  frequency  to  rotational  frequency. 

4.  From  the  results  of  an  example  flutter  analysis  wherein  the  same  phasing  of  all  rotor  blades  was 
assumed,  it  was  concluded  that  these  differences  in  the  aerodynamic  coefficients  are  more  important  under 
compressible  flow  conditions.  For  zero  Mach  number  the  flutter  results  compared  favorably,  whereas  for 
higher  subsonic  Mach  numbers  the  flutter  speeds  were  significantly  different  when  using  the  present  aero¬ 
dynamic  theory  as  compared  to  that  of  Reference  11. 

5-  The  one  flutter  example  cited  from  Reference  l6  indicates  that  both  the  theory  presented  here  and 
that  presented  in  Reference  11  produce  flutter  results  which  compare  favorably  with  experimental  results 
when  used  in  a  strip  theory  fashion.  The  parameters  in  the  case  cited  were  In  the  range  where  the  two 
aerodynamic  theories  are  in  close  agreement. 

Fr cm  the  results  of  this  paper  one  is  led  to  conclude  that  there  are  a  variety  of  vayB  of  approximating 
the  flow  over  rotor  blades  in  hover  or  axial  flight.  This  paper  has  sought  to  point  out  some  of  the  dif¬ 
ferences  in  representations  and  the  consequences  of  these  differences.  These  different  mathematical 
representations  of  the  helicopter  flow  field  serve  as  additional  evidence  of  the  marked  difference  betveen 
the  fluid  flow  over  helicopter  blades  and  that  over  conventional  fixed  vlngs. 
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SOME  ASPECTS  OF  THE  DESIGN  OF  ROTOR-AIRFOIL  SHAPES 


G.  Rsichert  and  Dr.  S.N.  Wagner 
Messerschmitt-Bblkow-Blohm  GmbH, 
Ottobrunn,  Germany 


SUMMARY 

Analytical  atudiea  have  shown  that  performance,  stability  and  control  of  helicop- 
tera  can  be  improved  if  aome  characteristics  of  rotor  airfoils  could  be  changed. 

Starting  from  given  airfoil  ahapea  the  characteristics  of  these  airfoils  are  idea¬ 
lized  by  changing  lift  curve  slope,  maximum  lift  boundary  and  begin  of  drag  divergence. 

The  influences  of  these  changes  on  the  power  required,  the  stability  and  control  of  hinge- 
lesa  rotor  helicopters  are  studied.  Furthermore,  the  desirable  characteristics  of  an  air¬ 
foil  or  several  airfoils  of  a  rotor  are  defined  using  these  idealized  characteristics  and 
analysing  common  missions  of  a  given  helicopter.  Similar  studies  of  a  larger  field  of 
missions  and  helicopters  could  lead  to  new  areas  of  research  and  development  to  design 
advanced  profile  shapes  of  helicopters  of  the  future.  Several  analytical  tools  for  the 
design  of  airfoils  are  discussed. 

Wind  tunnel  measurements  up  to  transonic  speeds  of  several  airfoil  shapes  espe¬ 
cially  with  modified  leading  and  trailing  edges  show  that  certain  Improvements  of  airfoil 
characteristics  are  possible.  Test,  results  of  rotors  having  usual  and  advanced  airfoil 
shapes  are  included  to  indicate  the  progress  in  the  behaviour  of  rotors  with  better  air¬ 
foils. 


NOTATIONS 


'"D 

CL'  CZ 


local  speed  of  sound 

chord  length 

drag  coefficient 

lift  coefficient 

pitching  moment  coefficient 

pressure  coefficient, 

Ap/q.  ■  (pi  -  pu)/q. 
critical  pressure  coefficient 
stagnation  pressure  of  free 
stream 

diffusive  damping  coefficient 
or  reduced  frequency,  wfc/'v 
Mach  number 

drag  divergence  Mach  number 
rolling  moment  around  c.g. 
of  helicopter 

pitching  moment  around  c.g. 
of  helicopter 
load  factor 
static  pressure 

static  pressure  of  free  stream 
dynamic  pressure  of  free  stream 
profile  thickness 
time  to  double  amplitude 
rotational  blade  tip  speed 
horizontal  component  of  velocity 
vertical  component  of  velocity 


angle  of  attack,  degrees 
mean  angle  of  attack,  degrees 
amplitude  of  pitching  motion, 
degrees 

circulation  of  flow 

parameter  determining  thickness 

ratio 

sweep  angle 

flow  direction  at  the  sonic  point 
of  the  characteristic 
advance  ratio  or  parameter  deter¬ 
mining  profile  slope  in  stagnation 
point  on  the  nose 
density  of  air 

disturbance  velocity  potential 
azimuth  angle  of  the  rotor 
Prandtl-Meyer  angle  corresponding 
to  local  Mach  number 


The  studies  have  been  sponsored  in  part  by  the  Ministry  of  Defence  of  the 
Federal  Republic  of  Germany 
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1.  INTRODUCTION 


With  th«  continuing  challenge  in  performance  of  modern  helicopters ,  the  require¬ 
ments  of  their  aerodynamic  characteristics  have  increased.  As  long  as  pure  performance 
is  considered,  the  main  onset  of  Improvement  is  reduction  of  parasite  drag  of  a  helicop¬ 
ter  as  a  whole.  However,  the  aerodynamic  design  of  the  rotor  is  equally  important.  The 
rotor  with  its  aerodynamic  behaviour  is  not  only  influencing  performance,  it  is,  in  addi¬ 
tion,  imposing  real  aerodynamic  limitations  to  the  flight  envelope.  These  limitations  are 
due  to  Mach  number  effects  at  the  advancing  blade  and  stall  effects  at  the  retreating 
side,  where  the  main  difficulties  stem  from  aeroelastic  phenomena. 

In  the  past,  the  prime  design  rule  was  "keep  away  of  these  limitations! ".  Thus, 
the  design  boundaries  of  a  rotor  blade  were  relatively  conservative:  the  main  goal  was 
to  use  profilos  with  nearly  zero  pitching  moments  and  to  bring  the  important  axes  of  the 
blade  (i.e.  control  axis,  c.g.  axis  and  axis  of  aerodynamic  centre)  as  close  as  possible 
together.  Beside  a  high  stall  angle  and  a  high  critical  Mach  number,  the  aerodynamic  cha¬ 
racteristics  of  rotor  airfoil  sections  should  give  low  drag  throughout  the  range  of  low 
and  moderate  lifts  and  moderate  drag  at  high  lifts.  Most  of  the  conventional  airfoils 
have  been  developed  for  use  on  fixed  wing  aircraft  and  are  not  acceptable  for  helicop¬ 
ters.  The  most  important  exception  is  the  NACA  0012  section,  which  has  already  been  cho¬ 
sen  in  the  early  beginning  of  the  development  of  helicopters  and  it  has  served  well  so 
far.  If  there  are  no  possibilities  to  improve  the  situation  one  has  to  live  with  the 
limitations. 

Attempts  to  improve  rotorblade  profiles  are  aggravated  by  "an  aerodynamic  situa¬ 
tion  of  exquisite  intractability"  as  Loewy  (1)  described  the  situation  most  strikingly. 
The  flow  is  extremely  complex,  the  blade  is  exposed  to  rapidly  changing  angles  of  attack 
and  yaw  in  combination  with  rapidly  changing  velocities.  There  are  regions  of  high  Mach 
numbers,  of  stall  and  of  reverse  flow.  In  addition,  there  are  crossflow  and  unsteady 
boundary- layer  effects.  The  situation  as  a  whole  has  been  marked  by  the  lack  of  systema¬ 
tic  work,  which  could  be  useful  in  the  design  work.  However,  the  activities  in  recent 
research  are  most  promising. 

The  importance  of  helicopter  aerodynamics  has  been  well  recognized,  and  the  pre¬ 
sent-day  situation  including  the  areas  where  aerodynamic  improvements  are  most  necessary 
and  promising  are  described  in  many  distinguished  papers,  see  for  instance  P.F.  Yaggy  and 
I.C.  Statler  (2),  J.P.  Jones  (3),  F.X.  Wortmann  and  J.M.  Drees  (4). 


2.  INFLUENCE  OF  AIRFOIL  CHARACTERISTICS  ON  ROTOR  BEHAVIOUR 

Before  an  airfoil  can  be  designed  one  has  to  know  what  requirements  the  new  air¬ 
foil  should  meet,  and  what  features  are  the  most  desired.  The  design  requirements  are 
primarily  fixed  by  the  characteristics  of  the  rotor  at  high  speed  conditions  including 
maneuvers.  The  difficulty  is  that  the  design  of  a  rotor  is  not  a  classical  optimization 
process  but  more  to  find  an  engineering  compromise  by  trial  and  error. 

Figure  1  illustrates  a  typical  distribution  of  the  section  lift  coefficient  C^  as 
a  function  of  Mach  number.  The  "section  trace  curves"  are  the  locil  of  conditions  that 
would  be  traced  out  in  each  revolution  by  the  blade  element  section  at  radius  x.  These 
curves  describe  the  operating  regime  of  the  different  blade  elements.  The  dashed  lines 
combine  points  with  the  same  rotor  azimuth  angles.  As  is  well-known,  the  advancing  rotor- 
blade  is  operating  at  low  lift  up  to  high  subsonic  Mach  numbers,  whereas  the  retreating 
olade  is  working  at  medium  subsonic  ftacn  numbers  and  nigh  lilt  values. 

In  addition.  Figure  1  shows  two  limiting  lines,  which  allow  conclusions  about  the 
qualification  of  an  airfoil  for  the  investigated  mission.  The  CxJnax"Curve  describes  the 
maximum  CL-values,  which  can  be  reached  by  the  special  profile  as  a  function  of  Mach  num¬ 
ber  including  dynamic  effects  due  to  oscillating  pitch.  The  closer  the  section  trace  curve 
is  approaching  the  limiting  line,  the  better  is  the  profile  utilized  in  its  full  (^-poten¬ 
tial  at  the  corresponding  section  x.  The  second  limiting  line  (Cl(Md))  of  Figure  1  corre¬ 
sponds  to  the  lift  coefficient  of  the  drag  divergence  Mach  number.  Operation  beyond  this 
line  causes  high  drag  coefficients  and  therefore  a  remarkable  increase  in  power  re¬ 
quired. 


For  comparison,  Figure  1  also  shows  the  section  trace  curves  for  hover  condition. 
There  is  nearly  no  change  of  the  operating  condition  of  the  profile  during  one  revolution. 
As  far  as  lift  coefficients  are  concerned,  there  are  no  problems  as  one  usually  expects, 
but  for  highly  loaded  rotors  the  blade  tip  may  be  operating  beyond  drag  divergence  as 
shown  in  the  figure. 

When  selecting  airfoils  for  rotorblades,  so  far  simple  qualitative  comparisons 
between  section  shapes  were  normally  made.  The  profile  with  the  best  Cj^v-value  at  mode¬ 
rate  Mach  numbers  (M  «  0,4  *  0,5)  and  with  the  highest  drag  divergence  Macn  number  at 
Cl  ■  0  was  preferred.  There  was  no  real  procedure  for  weighting  the  different  and  oppo¬ 
site  characteristics.  In  order  to  find  a  procedure  for  weighting  the  different  properties 
of  a  profile  or  to  find  at  least  more  detailed  requirements  for  selection  or  improvement 
of  blade  sections  some  studies  were  performed  using  idealized  profile  characteristics. 
Figure  2  shows  some  typical  results  of  such  investigations.  As  a  basis,  the  section  data 
of  the  NACA  23012  profile  were  used  with  linearly  extended  lift  curves  without  Cjjnnx  boun¬ 
daries.  The  section  trace  curves  in  the  two  diagrams  show  the  conditions  for  a  high  speed 
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level  flight  (left)  and  for  a  maneuver  caee  (right).  The  Ci,-valuei  at  the  tip  of  the  re¬ 
treating  blade  are  beyond  the  boundaries  of  the  actual  NACA  23012  profile.  Thus  the  ide¬ 
alized  profile  shows  requirements  that  are  expected  from  an  advanced  airfoil.  For  the 
selected  mission  and  the  assumed  rotor  and  blade  geometry  the  blade  aectiona  inside  of 
x  ■  0,8  are  operating  below  Ci^^-boundaries.  However,  the  maneuver  flight  shows  that 
nearly  all  blade  sections  are  approaching  C^x,  some  of  them  are  even  operating  beyond 
the  boundaries. 


Figure  2  shows  also  that  important  parts  of  the  blade  are  exposed  to  high  drag 
coefficients.  In  Figure  3  the  situation  is  more  clearly  explained  by  the  section  trace 
curves  of  the  drag  coefficient  at  the  blade  tip.  The  highest  Co-coefficients  occur  at  the 
retreating  blade,  where,  however,  the  dynamic  pressure  is  lower  than  at  the  advancing  side. 
The  right  figure  where  the  Cp-values  are  weighted  by  the  dynamic  pressure  shows  the  fact 
that  in  most  cases  the  main  contribution  to  the  power  required  comes  from  the  advancing 
blade  tip. 


By  studying  the  flight  envelope  of  a  helicopter  one  can  summarize  the  resulting 
requirements  in  one  diagram  as  shown  in  Figure  4.  In  the  studied  case,  it  turned  out 
that  the  portion  of  the  blade  outside  x  *  0,7  is  the  important  one.  The  profiles  should 
have  high  Ci4g.x-values  at  Mach  numbers  between  0,4  and  0,6  as  well  as  a  drag  divergence 
boundary  shifted  to  higher  Mach  numbers.  From  the  left  diagram  of  Figure  4  one  can  de¬ 
velop  the  desired  curves  of  C j,  and  Cq  versus  a  for  the  different  Mach  numbers  as  shown 
in  the  diagrams  to  the  right,  of  course,  the  diagrams  shown  so  far  are  just  some  ideas 
for  the  solution  of  the  whole  problem,  which  needs  more  systematic  research.  For  instance, 
the  problems  are  only  touched  fragmentarlly  for  the  mission  of  one  helicopter.  Different 
missions  will  lead  to  different  requirements,  e.g.  there  are  remarkable  differences  bet¬ 
ween  a  high  speed  and  a  crane  helicopter  or  a  main  rotor  and  a  tail  rotor.  In  addition, 
only  the  influences  of  and  Cp  have  been  discussed.  It  is  impossible  to  design  a  blade 
profile  without  taking  care  of  the  section  moment  behaviour.  Furthermore,  not  only  some 
features  of  the  rotor  like  lift  capability  or  performance  characteristics  should  be  in¬ 
vestigated  but  the  behaviour  of  the  helicopter  as  a  whole.  Figure  5  shows  as  an  example 
the  influence  of  Ci4n.x  and  lift  curve  slope  on  the  control  power  and  stability  characte¬ 
ristics  of  a  helicopter  with  hingeless  rotor  system.  The  left  diagram  shows  that  the  in¬ 
fluence  of  lift  curve  slope  on  the  control  moments  is  relatively  small  compared  to  the 
Influence  of  The  right  diagram  shows  similar  influences  on  the  high  speed  insta¬ 

bility  of  a  hingeless  rotor  helicopter.  A  decrease  in  the  lift  curve  slope  and  increase 
in  CLm-x  will  improve  this  instability.  For  more  detailed  information  about  design  prob¬ 
lems  of  hingeless  rotor  systems  see  (5) . 


The  Informations  discussed  in  this  chapter  are  based  on  unpublished  investigations 
of  references  (6)  and  (7). 


3.  DESIGN  METHODS  FOR  HELICOPTER  AIRFOIL  SHAPES 


As  soon  as  the  desired  behaviour  of  an  airfoil  is  known,  i.e.  if  the  desired  pres¬ 
sure  distribution  is  given,  the  contour  of  the  profile  has  to  be  determined.  This  can  be 
done  analytically  and/or  empirically.  A  well-known  analytical  procedure  to  design  airfoil 
shapes  is  the  one  by  Theodorsen  and  Garrick  (8)  that  has  been  used  successfully  for  the 
development  of  the  newer  NACA  wing  sections,  see  reference  (9).  This  procedure  is  based 
on  the  theory  of  conformal  mapping,  other  procedures  use  the  singularity  method,  e.g.  (10) 
and  (11).  The  left-hand  part  of  Figure  6  shows  schematicly  the  concept  of  the  singularity 
methods:  For  a  given  pressure  or  velocity  distribution,  the  mean  line  and  basic  thickness 
form  in  calculated  by  solving  numerically  some  integrals.  An  improved  procedure  was  de¬ 
veloped  by  R.  Eppler  (12)  and  (13),  see  right-hand  part  of  Figure  6.  Using  methods  of  con¬ 
formal  mapping,  this  procedure  allows  the  calculation  of  a  profile  contour  when  constant 
pressure  distributions  over  several  ranges  of  the  chord  length  are  given.  This  constant 
pressure  distributions  can  be  related  to  different  angles  of  attack.  The  compatibility  of 
the  different  pressure  distributions  is  obtained  by  demanding  that  for  any  region  of  the 
profile  contour,  the  pressure  distribution  of  only  one  angle  of  attack  is  taken  to  define 
the  profile.  The  conditions  to  close  the  prof  11  are  given  in  analytical  form.  In  addition, 
the  increase  of  pressure  at  the  upper  side  of  the  profile  follows  a  suggestion  of  F.X. 
Wortmann  (14)  to  prevent  separation  of  the  boundary  layer.  All  these  procedures  are  re¬ 
stricted  to  incompressible  flow.  The  design  of  a  profile  when  the  pressure  distribution 
La  torpriiiU-ls  is  given  causes  difficulties,  since  -  ey»Tt  1»  lubeiltiui  (low  -  the  con¬ 
tour  is  influencing  the  development  of  compressible  flow  around  an  airfoil.  One  possibili¬ 
ty  to  solve  this  problem  is  to  use  a  design  procedure  for  incompressible  flow.  After  de¬ 
sign,  the  pressure  distribution  is  recalculated  from  the  resulting  profile  using  methods 
that  include  comp-  *sibility  effects,  o.g.  (15)  to  (19).  The  final  contour  is  defined  du¬ 
ring  an  iterative  prv...  Figure  7  shows  a  comparison  between  experiments  and  calculated 
pressure  distributions  ti.  '  include  a  simple  compressibility  rule.  This  rule  was  derived 
from  the  compressible  and  In..  '**sslble  spiral  flow  (i.e.  a  sink-vortex  combination): 


(V)  .  (v,  .k.  (T,  ♦  (1-k,  g  („f  T 

•  compr.  •  ineompr. 


(^  )*,  k  -  a  +  b  •  CL  . 

max 


It  is  true,  that  this  compressibility  rule  is  not  as  accurate  as  any  other  rule,  that  in¬ 
cludes  the  influence  of  the  contour.  The  advantage  is  that  it  can  be  used  in  the  first 
design  step  where  the  contour  is  unknown.  In  addition,  the  results  are  satisfactory  as 
shown  in  Figure  7. 
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Modern  helicopter  blades  or  at  leaet  parts  of  them  are  usually  operating  In  the 
transonic  flow  regime.  Tht  problems  associated  with  transonic  flow  over  airfoils  have 
been  the  subject  of  an  enormous  effort  of  research  work  over  twenty  years,  see  for  in¬ 
stance  references  (20)  to  (23).  The  goal  of  this  effort  has  been  the  design  of  airfoils 
with  shockless  transonic  flew.  Although  viscous  effects  play  a  dominant  role  in  the  super¬ 
critical  flow  of  interest,  one  is  still  forced  to  decouple  the  boundary  layer  and  Jnvis- 
cid  flows  and  then  seek  means  to  overcome  the  strong  coupling,  since  the  treatment  of  real 
flows  is  further  aggravated  by  the  absence  of  an  adequate  procedure  to  treat  turbulent 
boundary  layers  which  encounter  severe  adverse  streamwise  pressure  gradients  such  as  cau¬ 
sed  by  a  shock. 

The  treatment  of  the  inviscid  problem  in  the  physical  plane  is  still  difficult 
enough.  The  severest  problem  is  the  essential  nonlinearity  of  the  flow  differential  equa¬ 
tions.  Another  is  the  mixed  elliptic-hyperbolic  character  of  the  equations,  where  the 
nonlinearity  of  the  problem  precludes  ana  priori  knowledge  of  the  sonic  line.  Finally, 
the  third  difficulty  stems  from  the  appearance  of  embedded  shock  discontinuities  at  lo¬ 
cations  unknown  beforehand. 

All  three  difficulties  may  be  circumvented  by  a  transformation  of  the  problem  into 
the  hodograph  plane.  The  flow  is  assumed  to  be  isentropic  and  the  resulting  equations 
become  linear,  though  the  flow  must  be  considered  in  a  less  familiar  u,  v  space.  The  se¬ 
cond  difficulty  is  largely  eliminated  since  the  sonic  line  is  now  known  and  is  simply  a 
circle  in  the  hodograph  plane.  The  third  difficulty  is  eliminated  by  treating  only  shock¬ 
less  flows.  Recent  contributions  to  this  method  are  those  of  Nieuwland  and  Boerstoel,  (24) 
to  (26),  and  Garabadian  and  Korn,  (27)  and  (28),  after  Lighthill  (29)  and  Cherry  (30)  had 
already  made  notable  contributions  to  this  problem  using  the  Molenbroek  transformation. 
Figure  8  shows  a  scheme  of  Nieuwland 's  and  Korn's  theory  of  the  flow  around  quasi-ellip¬ 
tical  aerofoil  sections.  This  theory  is  a  method  for  the  transformation  of  the  incompres¬ 
sible  potential  flow  around  a  lifting  ellipse  into  a  compressible  potential  flow  around 
a  lifting  quasi-elliptical  profile.  Though  the  general  approach  used  by  Garabedian  and 
Korn  (27)  and  (28)  is  similar  to  that  used  by  Nieuwland  and  Boerstoel  (24)  and  (25)  in 
that  the  nature  of  the  free  stream  singularity  is  obtained  from  the  incompressible  case, 
and  that  the  problem  of  the  multivaluedness  of  the  hodograph  is  resolved  in  a  similar 
manner,  the  details  beyond  this  differ  significantly  in  the  two  methods.  Four  parameters 
appear  in  the  basic  theory,  namely  the  incidence  a  of  the  ellipse  in  incompressible  flow, 
a  term  e0  for  the  thickness  ratio  of  the  ellipse,  the  circulation  r  of  the  flow  and  the 
free-stream  Mach  number  M—.  These  four  parameters  define  the  symmetric  flow,  i.e.  T  -  0. 

If  T  +  0,  these  four  parameter  profiles  are  not  closed.  Nieuwland  developed  a  special 
correction  function  to  make  the  profiles  closed.  This  function  depends  also  on  four  para¬ 
meters,  the  free-stream  Mach  number  Mm,  the  local  Mach  number  M^  and  the  local  flow  angle 
0C  at  the  tail  of  the  closed  profile  (which  appears  to  be  cusped)  and  a  parameter  u  deter¬ 
mining  the  profile  slope  at  the  nose  stagnation  point.  Thus,  seven  parameters  define  the 
flow  around  quasi-elliptical  airfoils.  More  details  are  given  in  the  original  papers  or 
in  reference  (23).  A  typical  result  of  Nieuwland's  method  is  shown  in  Figure  9  compared 
with  measurements.  The  agreement  between  theory  and  experiment  is  remarkably  good.  A 
slight  waviness  in  the  measured  pressures  appears  in  the  supersonic  region  culminating 
apparently  in  a  weak  shock.  This  waviness  is  caused  by  flow  perturbations  due  to  model 
imperfection  in  the  nose  region  which  propagate  along  Mach  waves  reflecting  back  and  forth 
between  the  sonic  line  and  the  airfoil  surface.  Figure  9  shows  also  the  computed  pressure 
distribution  of  the  finite  difference  calculation  from  Magnus  and  Yoshihara  (31)  that  will 
be  discussed  later.  Figure  10  shows  a  typical  result  of  Korn's  method  compared  with  the 
theory  of  Murman  and  Cole  (33),  that  will  also  be  discussed  later. 

The  hodograph  methods  require  the  assumption  of  an  isentropic  flow,  but  flows  with 
shocks  can,  in  principle,  be  treated  provided  the  shocks  are  of  the  transonic  variety, 
not  being  excessively  strong.  The  principal  difficulty  of  treating  shock  waves  in  the  ho¬ 
dograph  plane  is  that  as  one  follows  the  solution  along  a  streamline,  one  has  to  jump 
from  one  point  in  the  hodograph  to  another  point  connected  via  a  local  shock  polar  as  one 
passes  through  a  shock.  These  difficulties  associated  with  the  occurrence  of  such  gaps  in 
the  hodograph  plane  and  the  resultant  matching  required  across  the  gr.p  would  discourage 
the  use  of  the  hodograph  method  despite  the  linearity  of  the  flow  equations.  Therefore, 
these  methods  are  only  applicable  for  shockless  flow  and  lead  only  to  the  pressure  distri¬ 
bution  at  the  design  point,  given  by  the  transformation  of  the  incompressible  flow  around 
an  ellipse.  Thus,  they  cannot  be  used  to  calculate  steady  flows  over  quasi-elliptical 
airfoils  outside  the  design  point  or  over  prescribed  airfoils  at  prescribed  conditions 
which  in  general  will  not  be  shockless. 

For  these  cases,  the  flow  must  directly  be  considered  in  the  physical  plane  where 
the  leading  equations  are  nonlinear.  They  can  be  solved  by  numerical  methods  such  as  the 
finite  difference  method  by  Magnus  and  Yoshihara  (31)  and  (32).  Here  the  difficulty  of 
the  mixed  character  of  the  steady  flow  equations  was  circumvented  by  treating  the  flow  as 
unsteady.  The  desired  steady  flow  solution  is  obtained  as  the  asymptotic  flow  at  large 
times  by  imposing  proper  boundary  conditions.  In  the  unsteady  form  the  equations  become 
fully  hyperbolic,  so  that  an  initial  value  problem  has  to  be  solved  which  can  be  done  by 
a  finite  difference  analogue,  as  shown  in  Figure  11.  Starting  from  the  unsteady  continui¬ 
ty  equation  and  the  unsteady  Euler  equations,  the  flow  is  assumed  to  be  isentropic.  This 
assumption  is  based  on  the  fact  that  for  most  cases  of  interest  the  local  entropy  addi¬ 
tions  due  to  shocks  are  small.  Since  the  general  solutions  contain  discontinuities  in  the 
form  of  shocks,  the  usual  concept  of  a  solution  must  be  abandoned.  In  these  cases  the 
partial  differential  equations  in  Figure  11  become  meaningless  at  the  discontinuity  since 
derivatives  can  no  longer  be  defined.  Lax  (34)  generalized  the  concept  of  a  solution  ha¬ 
ving  given  initial  values  as  one  which  satisfies  the  requirement  that  the  integral  over 
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all  space  and  tin#  of  the  differential  expression  formed  from  the  first  equation  in  Fi¬ 
gure  11,  multiplied  by  an  arbitrary  weighting  function,  vanishes.  This  weighting  func¬ 
tion  that  is  called  diffusive  damping  function  and  supplementary  conditions  on  the  entro¬ 
py  that  guarantee  the  uniqueness  of  the  solution  lead  to  results  where  the  shock  waves 
appear  at  the  proper  location  when  a  suitably  refined  mesh  is  used  through  the  shock. 

The  system  of  partial  differential  equations  is  replaced  by  a  system  of  difference 
equations  by  first  replacing  the  continuous  x,  y,  t  space  by  a  rectangular  lattice  of 
points  with  the  spacing  Ax,  Ay,  At,  see  Figure  11.  Then  the  partial  derivatives  are  sub¬ 
stituted  by  partial  differences  expressed  in  terms  of  the  values  of  the  dependent  variab¬ 
les  at  the  lattice  points.  For  the  partial  derivatives  a  modification  of  the  explicit 
Lax-Wendroff  second  order  differencing  scheme  is  adopted.  As  an  example,  a  solution  of 
the  simple  equation  3u/3t  -  3u/3x  is  shown  as  second  equation  in  Figure  11.  Special  care 
must  be  taken  for  the  region  in  the  vicinity  of  and  on  the  profile  where  on  the  underly¬ 
ing  basic  rectangular  network  of  points,  a  sequence  of  rotated  nine  point  lattice  ele¬ 
ments  has  to  be  imposed.  Figure  11  also  shows  the  calculated  pattern  of  expansion  and 
compression  waves  and  the  pressure  distribution  of  an  airfoil  using  Yoshihara'a  method. 

In  contrast  to  the  unsteady  approach  Murman  and  Cole  (33)  apply  the  finite  diffe¬ 
rence  scheme  directly  to  the  steady  transonic  small  perturbation  equation.  The  steady 
boundary  value  problem  is  solved  numerically  by  a  finite  difference  method,  where  Murman 
and  Cole  use  a  different  scheme  to  represent  the  derivatives  in  the  subsonic  and  in  the 
supersonic  regions.  As  in  the  unsteady  procedure,  shock  waves  appear  automatically  as 
local  steep  gradients  through  the  dissipation  Introduced  by  the  truncation  errors.  Figu¬ 
re  10  shows  the  pressure  distribution  over  a  quasi-elliptical  airfoil  as  computed  by 
Murman  and  Krupp  (35).  Also  results  for  lifting  cases  have  been  obtained,  see  reference 
(36). 

£tegsf  s:id  kmai  l IT)  have  utilised  existing  experience  to  develop  s 
that  takei  advantage  of  the  best  of  the  reported  procedures,  both  in  terms  of  accuracy 
and  computer  time.  The  exact  equation  of  the  perturbation  potential  is  used  where  the 
independent  variables  s  and  n  are  defined  by  the  orthogonal  curvilinear  system  shown  in 
Figure  12.  The  s  und  u  coordinates  represent,  respectively,  distances  along  and  normal 
to  the  blunt  control  surface.  The  boundary  value  problem  is  solved  by  the  line  relaxa¬ 
tion  procedure  of  Murman  and  Cole  using  different  schemes  for  the  subsonic  and  superso¬ 
nic  case.  The  over-relaxation  technique  is  utilized  to  hasten  the  convergence  guided  by 
the  use  of  interactive  graphics.  Figure  12  shows  an  example  of  a  computed  pressure  distri¬ 
bution  compared  with  experiments  and  the  theory  of  Magnus  and  Yoshihara. 

There  are,  of  course,  several  other  analytical  procedures  to  calculate  the  pressu¬ 
re  around  airfoils  in  transonic  flow  (e.g.  references  (38)  to  (40)),  that  cannot  be  dis¬ 
cussed  in  detail. 

The  conclusion  of  this  discussion  seems  to  be  that  one  has  to  combine  a  good  de¬ 
sign  procedure  (e.g.  (12))  for  incompressible  flow,  that  is  improved  by  adding  a  simple 
compressibility  rule (e.g.  (6)  and  (7))  with  one  of  the  procedures  to  calculate  transonic 
flow  (e.g.  (31)  to  (37))  to  an  iterative  process  for  the  design  of  airfoils  in  supercriti¬ 
cal  flow,  in  addition,  mo  re  experiments  are  necessary  to  learn  more  about  the  physics  of 
transonic  flow. 

After  having  discussed  the  theoretical  methods  some  comments  about  empirical 
methods  are  added.  In  the  design  process  of  rotor  airfoil  shapes  one  would  like  to  put 
the  pealr  of  the  ftm**  curve  versus  MACh  muibsr  at  a  certain  Me'-h  number*  Hartmann  and 
Drees  (4)  have  shown  that  there  is  a  correlation  between  the  pressure  at  the  crest  and 
the  Mach  number  of  the  peak  of  CLmax,  see  Figure  13.  When  the  absolute  value  of  CpCrest 
increases  at  a  constant  Cl,  the  maximum  in  the  Ch-mnx  (M„)  curve  also  shifts  to  the  left 
In  the  same  way.  This  result  may  prove  to  be  a  new  design  concept  for  section  shapes  of 
helicopter  blades,  if  the  profiles  have  a  peaky  suction  loop. 

Pearcey  (41)  developed  an  empirical  method  to  design  supercritical  airfoil  sha¬ 
pes,  after  Sinnott  and  Stuart  (42)  had  shown  that  the  details  of  the  characteristics 
pattern  In  the  supersonic  region  of  a  transonic  flow  can  be  determined  once  the  position 
of  the  sonic  point  and  the  distribution  of  surface  pressures  are  known.  A  given  section 
shape  can  be  improved  by  this  method,  once  the  airfoil  has  been  tested  and  one  wants  to 
introduce  an  extra  expansion  at  the  correct  upstream  point  to  reduce  the  shock  strength 
at  some  given  point.  A  simple  property  of  the  characteristics  is  used  to  find  pairs  of 
connected  or  "conjugate"  points  A,  B  from  the  observed  pressure  distribution  and  surface 
slope,  see  diagram  in  the  left-hand  top  corner  of  Figure  14.  On  any  given  characteristic 
01-u1  m  or  07+W2  ■  8s  according  to  which  of  the  two  families  it  belongs.  8  denotes 
the  flow  direction,  0c  the  flow  direction  at  the  sonic  point  of  the  characteristic  and  u 
the  Prandtl-Meyer  angle  corresponding  to  the  local  Mach  number.  For  a  pair  of  characteri¬ 
stics  with  the  same  sonic  points  ■  02+wa.  Thus,  for  any  two  points  A  and  B  on  the 

surface,  that  correspond  to  the  tsibr  er.nir  point,  Sri  Inf IritatlmAl  (lleturLa.irr  Intro¬ 
duced  at  A  will  reach  the  surface  at  B  with  change  of  sign.  The  angle  in  can  be  found  at 
all  points  on  the  surface  from  the  observed  local  Mach  number  (43),  and,  since  8  is  also 
known  at  the  surface,  one  can  plot  curves  of  0+w  and  8-ai  along  the  surface  as  shown  in 
Figure  14  (left-hand  corner)  and  select  pairs  of  conjugate  points  by  drawing  horizontal 
intercepts.  Thus,  one  knows  immediately  where  to  modify  the  surface  to  reduce  the  shock 
strength  In  the  desired  downstream  position.  The  danger  of  a  repeated  reflection  can  also 
be  spotted.  For  more  details  of  the  method  see  (41).  On  the  right-hand  side  of  Figure  14 
the  shockless  pressure  distribution  of  a  supercritical  airfoil  section  is  shown,  that  was 
developed  by  this  procedure. 
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4  .  NONSTEADY  AND  THREE-DIMENSIONAL  EFFECTS 

As  advance  ratio  of  helicopters  increases,  such  factors  as  compressibility,  rever¬ 
sed  flow,  three-dimensional  flow,  and  blade  stall  Increase  both  rotor  torque  and  blade 
flapping  motion.  To  provide  a  suitable  aerodynamic  theory  one  must  include  the  effects  of 
unsteady  aerodynamics,  three-dimensional  flow  and  blade  aeroelasticity.  On  the  other  hand, 
when  a  section  shape  is  designed  for  a  helicopter  blade,  steady,  two-dimensional  flow  has 
to  be  assumed  primarly.  But,  in  a  second  step,  one  should  also  think  about  che  changes  of 
the  blade  behaviour  that  are  caused  by  nonsteady,  three-dimensional  influences. 

Figure  IS  shows  as  an  example  comparisons  of  dynamic  and  steady  lift  curves  as 
measured  by  J.  Liiva  et  al  (44)  and  predicted  by  (7).  These  phenomena  have  been  investi¬ 
gated  by  many  scientists  and  engineers  (e.g.  (44)  to  (50))  and  are  well-known.  The  data 
were  obtained  for  airfoils  executing  pure  sinusoidal  pitch  motion.  Since  rotor  blades  do 
not  normally  execute  pure  sinusoidal  motion  as  they  penetrate  into  the  stall  regime  the 
question  is  whether  these  data  can  be  used  for  rotor  analyses  to  obtain  meaningful  re¬ 
sults.  In  a  recent  paper  Carta  et  al.  (49)  showed  that  the  blade  root  torsional  moment 
could  be  predicted  quite  accurately  as  compared  to  measurements  if  the  available  sinusoi¬ 
dal  results  are  converted  to  a  more  general  nonsinusoldal  form  in  which  local  section 
forces  and  moments  are  expressed  in  terms  of  instantaneous  Mach  number,  angle  of  attack, 
an  angular  velocity  and  an  angular  acceleration  parameter.  In  addition,  variable  Inflow 
distribution  over  the  rotor  disc  had  to  be  included  in  the  theory  to  get  a  good  correla¬ 
tion  between  prediction  and  experiment. 

One  of  the  influences  of  three-dimensional  flow  is  the  effect  of  yawed  flow. 

Harris  (51)  developed  an  empirical  approximation  for  the  effects  of  yawed  flow  (i.e.  ra¬ 
dial  flow)  on  the  lift  coefficient,  see  Figure  16.  The  equation  used  to  define  the  three- 
dimensional  Cx,  is  given  as  Cx,(2d)/cosA>  where  A  is  the  yaw  angle.  The  equation  has  the 
restriction  that  dCx,(3D)/da  may  not  exceed  the  maximum  value  of  dCx,(2D) /do.  This  means 
that  the  effect  of  yawed  flow  delays  stall  to  increasingly  larger  values  of  Cx,  with  in¬ 
creasingly  larger  angles  of  yaw.  Figure  16  shows  also  a  comparison  of  the  empirical  me¬ 
thod  with  test  data  (52).  While  Harris  (51)  treated  the  crossflow  problem  at  a  more  prac¬ 
tical  level  many  authors  (e.g.  (53)  to  (63)  performed  basic  research  work  to  study  the 
effects  or  crossflow  and  unsteady  boundary  layer  on  rotating  blades  in  detail.  These  in¬ 
fluences  as  far  as  they  are  important  in  this  context  can  be  summarized  as  follows.  The 
chordwise  velocity  profiles  of  the  boundary  layer  are  very  similar  in  appearance  to  those 
that  would  be  expected  from  ordinary  two-dimensional  laminar  or  turbulent  boundary  layer. 
The  effect  of  rotation  is  to  delay  separation,  as  shown  in  Figure  17.  The  separation  line 
begins  to  deviate  substantially  from  its  two-dimensional  value  and  moves  aft  at  a  distan¬ 
ce  of  about  six  chord  lengths  from  the  hub,  and  near  the  hub  no  separation  will  occur  at 
all.  Figure  17  shows  also  that  the  crossflow-induced  pressure  gradients  are  more  effec¬ 
tive  in  delaying  separation  at  small  spanwise  stations  than  at  large  ones.  The  line  la¬ 
beled  "Locus  of  3p/3x  -  o"  separates  the  regions  of  favorable  pressure  gradients  from 
those  of  unfavorable  gradients.  For  large  z,  the  pressure  gradient  is  favorable  near  the 
leading  edge  of  the  rotor  and  then  becomes  unfavorable  past  the  point  of  maximum  thick¬ 
ness  as  in  two-dimensional  flow.  Close  to  the  hub*  the  pressure  gradient  is  favorable 
over  the  entire  blade.  The  favorable  pressure  gradient  is  a  direct  result  of  the  cross¬ 
flow-induced  pressure  gradient  as  shown  by  Dwyer  and  Me  Croskey  (62).  However,  the  non¬ 
steady  terms  which  arise  as  a  result  of  forward  flight  seem  to  have  an  even  larger  effect 
than  the  crossflow  derivatives.  Also  important  are  Coriolis  forces  and  pressure  gradients 
induced  by  the  potential  flow.  A  large  deviation  from  twodimensional  flow  also  occurs 
where  the  flow  approaches  separation  such  as  in  a  laminar  separation  bobble  ox  in  tral- 
ling-edge  separated  flow,  or  where  large  external  crossflow  exist  such  as  in  the  blade 
tip  region.  Within  a  separation  bubble,  the  centrifugal  forces  move  the  fluid  outward 
significantly. 

Further  resarVafaU  insights  into  the  refer  tour- da ry -layer  Tfubleir  ter  t*  obtained  texw 
Figure  18.  It  shows  the  positions  of  laminar  separation  at  a  distance  from  hub  z/c  ■  2,4 
and  the  locations  of  transition  to  turbulence.  EVyer  and  Me  Croskey  (62)  found  that  the 
latter  is  essentially  independent  of  three-dimensional  effects  and  Reynolds  number  for 
Re  >  SxlO5  and  a  >  0°,  indicating  that  the  chordwise  pressure  gradients  dominate  the  tran¬ 
sition  process  for  these  conditions.  Another  Important  result  is  that  the  chordwise  pres¬ 
sure  gradients  are  so  strong  at  large  angles  of  attack  that  the  effects  of  crossflow  and 
rotation  upon  the  laminar  flow  are  Insignificant  at  this  value  of  z/c  since  the  analyti¬ 
cal  and  experimental  results  for  separation  agree  well  with  the  two-dimensional  calcula¬ 
tion  for  large  a.  The  laminar  flow  appears  to  be  independent  of  Reynolds  number,  see  (62) 
and  (64).  Finally,  Figure  18  shows  that  the  transition  process  for  a  >  6°  apparently  oc¬ 
curs  in  the  free  shear  layer  that  develop  after  laminar  separation,  and  this  is  followed 
by  turbulent  reattachment  shortly  downstream.  At  lower  angles  of  attack,  transition  to 
turbulence  precedes,  ahd  therefore  precludes  laminar  separation.  The  same  is  true  on  the 
lower  surface  of  the  airfoil,  see  reference  (62). 

Before  concluding  this  chapter  a  remark  should  recall  a  familiar  problem  to  our  memory 
concerning  wind  tunneldata.  Every  test  engineer  knows  bow  difficult  It  Is  to  measure  exact¬ 
ly  the  things  he  wants  to  know  and  to  eliminate  all  interactions  of  other  effects.  For  in¬ 
stants,  Ericsson  and  Reding  (65)  were  confronted  with  such  a  problem  when  comparing  their 
theoretical  results  with  measurements.  In  some  cases  they  found  a  good  agreement  between 
theoretical  and  experimental  results  in  some  cases  they  did  not.  Comparing  the  lift  stall 
characteristics  measured  by  various  investigators  using  two-dimensional  wings  they  found 
the  results  of  Figure  19.  The  test  geometries  obviously  influenced  the  desired  two-dimen¬ 
sional  character  of  flow  in  a  more  or  less  strong  manner.  It  seems  that  one  investigator 
obtalnes  lift  curves  typical  for  trailing-edge  stall,  with  lift  stall  preceding  moment 
stall,  whereas  other  measured  curves  of  the  leading-edge  typ  stall. 


VXk 


14-7 


5.  FEASIBLE  MODIFICATIONS  OF  AIRFOIL  SECTION  SHAPES 

Although  research  work  to  develop  advanced  airfoils  for  fixed  wing  aircraft  and 
for  rotor  blades  is  in  full  activity  some  progress  has  already  been  made.  Thin-tip  blades 
and  blade  tip  sweep  have  improved  performance  and  rotor  noise  remarkably  as  shown  for  in¬ 
stance  by  Spivey  (66)  and  (67),  mainly  because  the  formation  of  shock  waves  on  the  advan¬ 
cing  blade  tip  is  delayed.  The  main  modifications  that  were  carried  out  on  two-dimensio¬ 
nal  airfoil  shapes  are  leading-edge  design  and  camber  line  shape.  For  helicopter  applica¬ 
tions  it  is  possible  to  rule  out  all  camber  lines  that  give  large  moments  Cn)aaC<.  There¬ 
fore,  only  symmetrical  airfoils  or  sections  using  leading  edge  (nose  droop)  cam&er  are 
acceptable.  Figure  20  shows  the  effect  of  leading-edge  camber  or.  the  characteristics  of 
the  symmetric  Alouette  II  airfoil  as  obtained  by  Poisson-Quinton  and  de  Sievers  (68). 

There  is  an  increase  in  maximum  lift/drag  ratio  of  27%  and  an  increase  in  Cl,,^  of  20%. 
This  gain  in  lift/drag  ratio  is  particularly  interesting  to  improve  rotor  performance 
at  a  fixed  point  (hover) ,  since  the  blade  sections  then  work  in  the  proximity  of  the  maxi¬ 
mum  lift/drag  ratio  (e.g.  Cl  -  0,7,  M  *  0,65). 

The  airfoil  tested  had  also  a  chord  extension  of  11,1%.  Encouraged  by  this  compa¬ 
rison  of  cambered  and  symmetric  airfoils  a  second  lesser  cambered  extension  of  5,3%  was 
Investigated  that  had  the  same  radius  of  the  leading  edge  and  the  same  fairings  to  the 
upper  surface.  The  reason  for  the  reduction  of  extension  was  to  avoid  too  great  a  super¬ 
velocity  on  the  lower  surface  of  the  droop  when  the  section  is  in  the  proximity  of  zero 
lift  (advancing  blade  tip  at  high  Mach  numbers)  because  of  the  danger  of  shock  induced 
separation.  These  supervelocities  of  the  lower  surface,  5  mm  behind  the  leading  edge,  are 
plotted  in  Figure  21.  The  least  extended  camber  causes  lower  supervelocities  on  the  low¬ 
er  surface  and  about  the  same  supervelocities  on  the  upper  surface  as  the  11,1%  extended 
airfoil.  Therefore,  it  is  probable  that  the  extension  of  5,3%  would  be  less  critical  than 
that  of  11,1%  for  the  advancing  blade  around  zero  lift.  Figure  21  t  ">ws  that  the  super¬ 
velocities  on  the  upper  and  lower  surface  in  the  region  of  the  nose  the  cambered  (5,3% 
extension)  airfoil  are  equal  and  of  about  the  same  value  as  those  calculated  at  zero  lift 
on  a  symmetric  section.  Cue  to  the  improved  CLmav  of  the  cambered  airfoil  on  the  retrea¬ 
ting  blade  it  is  possible  to  increase  the  general  lift  level  on  the  whole  rotor,  that  is 
to  make  the  advancing  blade  operate  at  positive  Cl  instead  of  zero. 

The  qualitative  requirement  of  getting  high  values  at  moderate  Mach  numbers 

and  high  drag  divergence  Mach  numbers  at  low  and  moderate  CL  values  can  be  expressed  in 
a  quantitative  manner.  Figure  22  shows  a  comparative  summary  of  a  number  of  airfoil  fami¬ 
lies  on  the  basis  of  c^,  and  MD  characteristics.  The  NACA  laminar  flow  profiles  repre¬ 
sented  by  the  63A  OXX  family  have  a  poor  stall  performance  that  indicates  no  promise  for 
main  rotor  applications.  The  symmetrical  4-dlgit  airfoils  that  have  generally  been  used 
come  third.  The  NACA  5-digit  family  leads  to  quite  an  improvement  compared  to  the  4-diglt 
family.  The  best  profiles  in  this  diagram  are  the  profiles  developed  by  the  Boeing  Vertol 
Company  (69).  These  airfoil  sections  were  developed  on  the  basis  of  the  NACA  5-digit  se¬ 
ries  by  changing  the  leading  edge  radius.  Applying  nose  droop  camber  effectively  Improves 
the  CLmax  behaviour  of  symmetric  airfoils  but  can  degrade  the  drag  rise  behaviour  as  al¬ 
ready  mentioned  previously.  To  find  a  compromise  the  values  of  leading-edge  radius  and 
leading-edge  camber  were  optimized.  This  procedure  ended  up  with  the  improved  Boeing-Ver- 
tol  profiles  with  the  designation  for  instance  V  23010-1,58.  The  meaning  of  the  first 
five  digits  is  about  the  same  as  of  the  NACA  5-dlgit  series.  However,  the  cambei  line  of 
the  Vertol  profiles  can  slightly  differ  from  the  corresponding  NACA  mean  line.  The  number 
after  the  hyphen  is  the  leading  edge  radius  in  percent  of  chord. 

Figure  22  contains  also  the  Boeing  Vertol  profiles  VR-7  and  VR-8  that  were  most 
xeCently  developed  (TO)  .  Ic  Should  be  mentioned  that  these  profiles  have  a  peak  in  the 
CLmax  versus  M  curve  at  M  -  0,5  and  M  •  0,6  respectively,  as  shown  in  Figure  23. 

The  left  diagram  of  Figure  23  shows  the  lift  capabilities  of  the  airfoils  VR-7  and 
VR-8,  the  diagrams  tothe  right  demonstrate  the  drag  and  moment  characteristics  compared 
with  some  other  section  shapes.  These  new  airfoils  produce  excellent  lift  capabilities 
at  high  Mach  numbers  (M  >  0,4).  At  high  Mach  numbers  and  low  Cl's  the  V  13006  -  0,7  has 
the  highest  M0  and  also  the  lowest  Cdq,  as  shown  in  (70).  Airfoils  suitable  for  appli¬ 
cation  on  the  helicopter  rotor  are  generally  leading-edge  stall  type  airfoils  that  have 
zero  lift  pitching  moments  no  greater  than  -0,04.  This  pitching  moment  level  is  reduced 
to  near  zero  at  the  Boeing  Vertol  sections  by  deflecting  a  trailing  edge  extension  with 
only  a  small  reduction  in  CLmax ■ 

Some  evidence  of  the  improved  hover  characteristics  of  the  VR-7  airfoil  is  shewn 
in  Figure  24.  These  data  were  obtained  on  a  full  scale  tail  rotor  of  the  BO  105  helicop¬ 
ter  and  compared  with  a  tail  rotor  having  a  NACA  0012  section  shape.  The  improvement  in 
Figure  of  Merit  over  the  symmetric  NACA  0012  section  is  evident.  The  C<r/o  range  for  nearly 
maximum  rigiift  of  4«tU  U  Considerably  lugu  ftt  the  VR-7  sect  Lon .  3ucv-  a  btlwsiau  H 
highly  desirable  in  that  the  VR-7  section  does  not  incur  large  penalties  in  performance 
when  operating  at  off-design  thrust  coefficients  typical  for  the  demands  on  a  tail  rotor 
during  hovering  maneuvers.  Also  clearly  demonstrated  are  the  favourable  delays  in  lift 
and  moment  stall  for  the  VR-7  airfoil  section.  Stall  conditions  are  reached  by  HACA  C0V2 
section  at  a  O p/o  -  0,12  which  degrades  performance.  The  characteristics  of  the  VR-7 
allow  reduction  of  blade  area  (thereby  reducing  weight)  or,  alternatively,  of  tip  speeds 
(thereby  reducing  noise). 

A  si- liar  laa,e  Ui?»ue  in  tall  rctor  ihrwat  was  -t  lal  .eJ  by  rfughea  loci  Com¬ 
pany  (71).  A  tail  rotor  blade  was  developed  for  the  Hughes  500  and  OH-6  series  helicopters 
which  Incorporates  the  NACA  63-415  airfoil.  This  fully  cambered  airfoil  exhibits  very  good 
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stall  characteristics  at  Mach  number i  normally  associated  with  tail  rotors,  see  Figure  25. 
The  cambered  blade  produced  an  average  of  43%  more  thrust  at  stall  than  the  symmetric 
NACA  0012  blade.  According  to  (71)  the  tail  rotor  with  the  NACA  63-415  airfoil  produced 
35%  more  thrust  at  stall  than  the  one  with  a  NACA  0012  airfoil  after  the  data  had  been 
corrected  to  take  into  account  the  wider  chord  of  the  cambered  blade. 

Figures  26  and  27  show  the  characteristics  of  the  original  NACA  23012  profile  and 
of  two  profiles  with  tralling-edge  modifications  that  were  tested  up  to  transonic  speeds. 
The  differences  between  the  section  with  the  short  tab  (5%  of  chord  length)  and  the  one 
with  the  long  tab  (10%)  were  less  important.  However,  the  changes  caused  by  adding  a  tab 
to  the  original  profile  were  beneficial  concerning  the  longitudinal  dynamic  stability  of 
the  BO  105  helicopter,  see  for  instance  (72).  The  modified  profiles  have  -  compared  with 
the  original  NACA  23012  section  shape  -  a  slightly  larger  lift  curve  slope  at  moderate 
Mach  number  and  about  the  same  dC^/da  at  high  Mach  numbers  and  a  negative  dCm/dCf,  curve 
in  both  the  moderate  and  high  Mach  number  regime  whereas  the  original  profile  has  a  posi¬ 
tive  dCm/dC^  at  moderate  Mach  numbers. 

One  can  see  that  some  of  the  advanced  profiles  that  were  discussed  in  this  chapter 
can  already  fill  up  the  gap  between  the  actual  and  desired  characteristics  of  section 
shapes,  as  shown  in  Figure  4. 


6.  FUTUIE  PROSPECTS 

Further  improvements  of  the  characteristics  of  rotary  wing  aircraft  needs  a  better 
understanding  and  a  substantial  improvement  primarily  of  the  aerodynamics.  The  large  im¬ 
provements  in  helicopter  techniques  up  to  now  did  less  depend  on  the  progress  in  aerody¬ 
namics  but  more  on  a  systematic  exploitation  of  other  design  possibilities.  But  as  the 
aerodynamic  boundaries  have  been  reached  the  importance  of  the  aerodynamics  has  been  re¬ 
cognized  and  a  directly  related  effort  in  research  and  development  has  begun.  Some  advan¬ 
ced  airfoils  for  helicopter  rotors  are  already  available,  but  their  full  Influence  on  the 
rotor  behaviour  has  not  yet  been  tested  completely.  Additional  work  is  needed  to  further 
develop  the  analytical  design  methods  for  section  shapes,  especially  in  the  transonic 
flight  regime,  and  to  understand  more  exactly  the  influences  of  nonsteady,  threedimensio¬ 
nal  viscous  flow  effects.  Finally,  more  systematic  work  is  needed  to  develop  suitable  eva¬ 
luation  criteria  for  rotor  airfoils  starting  from  the  basic  helicopter  design  and  its  mis¬ 
sion  requirements. 

The  basic  research  work  should  lead  to  a  better  understanding  of  the  physics  of 
flow,  and,  once  this  has  been  accomplished,  suitable  engineering  approximations  should 
be  developed  to  help  that  the  aerodynamics  can  be  regarded  as  part  of  the  dally  work  of 
the  design  engineer. 
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Fig.  lO  Pressure  Distribution  of  a  Syanatric 
Airfoil  (Korn's  Method) 


rig.  11  Lattios  Eleeents ,  Mach  Nava  Pattern  and 
Pressure  Distribution  (Yoshihara) 
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Tig.  12  Coordinate  Systea  Used  by  Steger  and 
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Fig.  16  Engineering  Approximation  of  Cl  Accounting 
for  Yawed  Flow  With  Cl(3d)  ■  CL(2u)/coaA 
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Fig.  17  Effect  of  Rotation  on  the  Position  of 
Separation  for  the  NACA  0012  Airfoil 
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18  Separation  and  Transition  on  a  Rotating 
NACA  0012  and  a  Modified  0010  Profile 


Fig.  19  Two-Dimensional  Stall  of  the  NACA-0012 

Airfoil  Measured  by  Various  Investigations 


Fig.  20  Effect  of  Leading-Edge  Camber  on  the 
Characteristics  of  an  Airfoil 


Fig.  21  Theoretical  Speeds  in  the  Area  of  the 
Cambered  Leading  Edge 
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Fig.  25  Thrust  of  Tail  Rotors  With  Different 
Profile  Shapes 
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Fig.  26  Effect  of  Trailing-Edge  Modifications 
on  the  Characteristics  of  a  NACA  23012 
Profile  at  M  ■  0.4 


mem 

IHEBEI 

N 

m 

NACA  2)012 

Cl 

OftKHNAL  o 

SHOOT  TAB  O 
LOTTO  TAB  A 

cM 

• 

■ 

A 

I  I 

m 
ml 
i m 

ml 

Eli 


5M00T !»«  O  B 
LONG  Mli  i 


Fig.  27  Effect  of  Trailing-Edge  Modifications 
on  the  Characteristics  of  a  NACA  23012 
Profile  at  M  -  0.8 
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Prepared  Comment  on  Paper  1 4 

by 

F.X.Wortmann 

Institut  fQr  Aerodynamik  und  Gasdynamik 
der  Universitat  Stuttgart 

The  paper  of  Dr  Wagner  provides  a  comprehensive  survey  of  the  present  knowledge  of  different  aspects 
related  to  rotor  airfoils. 

Asked  for  some  comments  upon  this  paper  I  feel  it  might  be  appropriate  to  make  some  remarks  about  my  own 
experience  which  concentrates  more  on  the  design  problem.  Obviously  “the  aerodynamic  situation  of  exquisite 
intractability"  needs  some  simplification  to  become  tractable.  In  the  case  of  the  conventional  helicopter  rotor  the 
three  dimensionality  and  the  unsteadiness  of  the  flow  over  the  blade  airfoil  are  characteristics  both  important  and 
helpful  in  understanding  the  behaviour  of  the  rotor  disc.  However,  with  respect  to  the  design  problem,  fortunately 
both  seem  to  be  of  secondary  importance.  It  has  long  been  known  and  it  is  also  clearly  stated  in  this  paper  that  the 
most  stringent  conditions  prevail  on  the  advancing  blade  at  high  and  on  the  retreating  blade  at  medium  subsonic 
Mach  numbers.  In  both  cases  the  flow  on  the  blades  is  mostly  two  dimensional*.  It  is  also  unsteady,  although 
improving  <ui  mrioil  in  steady  conditions  stems  to  do  the  saint  for  the  unsteady  case,  at  least  1  do  not  know  of 
any  experience  to  the  contrary.  Therefore  it  is  surely  justified  to  consider  the  design  task  in  the  traditional  way  as 
a  steady  and  two  dimensional  problem. 

The  term  “airfoil  design”  has  basically  to  do  with  some  form  of  boundary  layer  control.  When  the  freestream 
Mach  numbert  approaches  higher  values  the  prominent  feature  of  the  airfoil  flow  is  the  development  of  local 
supersonic  fields.  The  best  boundary  layer  control  now  is  to  avoid  the  formation  of  shocks  and  to  design  airfoils 
lot  a  shockless  fhr».  As  mentioned  in  Dt  Wagner’s  paper  tiieTc  exist  several  different  melhuus  1u  design  t4ruckless 
airfoils  for  given  boundary  conditions,  such  as  prescribed  Mach  number,  airfoil  thickness  and  lift  values.  These 
methods  are  powerful  tools  in  designing  an  airfoil  for  one  single  purpose,  for  instance  for  the  cruising  flight 
conditions  of  a  fixed  wing  transport.  However,  in  case  of  the  helicopter  airfoil,  the  design  procedure  has  to  be 
different  since  the  favoured  shockless  flow  should  not  only  be  realized  in  one  but  in  two  quite  different  situations. 
The  airfoil  therefore  has  to  be  adapted  to  the  double  purpose  of  producing  on  one  hand  a  shockless  flow  at  low 
angles  of  attack  and  Mach  numbers  of  about  0.8S  and  on  the  other  hand  at  high  angles  of  attack  and  a  Mach 
number  of  0.5.  At  the  beginning  we  are  not  sure  if  this  challenging  task  can  be  done  at  all. 

In  this  context  it  might  be  useful  to  outline  some  considerations  which  narrow  the  infinity  of  choices  in  the 
direction  of  a  solution  for  the  airfoil  of  the  outer  blade  of  a  helicopter  rotor. 

1.  The  relative  thickness  of  the  airfoil  will  be  in  the  range  of  8-10  per  cent.  A  thicker  airfoil  will  spoil 
(te  trag  ^vsigente  Midi  aumt&r  of  Ui*  aJvmcta^  itti  W hires*  e  thinker  airfcfl  t  ewirm?'  lm  sensitive  I 
cover  the  range  of  angles  of  attack  (roughly  between  zero  and  ten  degrees)  with  reasonable  pressure 
distributions. 

2.  Along  the  chord  the  thickness  will  be  more  evenly  distributed  than  usual  and  hence  the  rear  part  of 
the  airfoil  becomes  relatively  thick.  This  helps  to  reduce  the  super  velocities  for  a  given  maximum  thickness 
and  therefore  shifts  the  onset  of  supersonic  flow  at  low  angles  of  attack  to  higher  free  stream  Mach  numbers. 

3.  In  order  to  reduce  the  super  velocities  at  high  angles  of  attack  for  a  given  Mach  number,  the  nose  region 
tnu«  bi  tafiibtfeu  and  the  nose  hkMus  sho4d  fee  rvtttly  l  pet  eettt  oi  ttvt  ehufd.  Hovhjm,  ifcfc  tiose  droop 
has  to  be  carefully  compromised  and  should  not  spoil  the  high  speed  characteristics  in  the  very  first  few  per 
cents  of  the  lower  side.  The  necessity  for  very  low  pitching  moments  eliminates  any  aftloading.  The  camber- 
line  therefore  is  practically  flat  in  this  part  of  the  airfoil. 

4.  In  two  previous  papers  [1],  [2]  I  have  shown  that  a  velocity  peak  or  higher  surface  curvature  on  the 
upper  side  at  roughly  10  per  cent  of  the  chord  hts  a  beneficial  influence  on  the  cLmax  at  medium  Mach 
numbers.  This  is  mostly  due  to  a  reduced  shock  strength. 

On  the  other  side,  the  relatively  high  curvature  in  this  region  can  also  be  used  at  low  angles  of  attack  to 
release  a  dense  fan  of  expansion  waves,  which  in  turn  is  one  of  the  first  requirements  to  establish  a  shockless 
ttpomair  Qtld  dcuttUtn  of  thM.pouu  TtmLom  ttvt  cursamn  on  tha  uppur  tide  fa  ttui  toftf  ettu  ttpoa 
will  be  in  some  sense  the  key  to  improving  both  the  maximum  lift  and  the  high  speed  qualities  of  a  helicopter 
airfoil.  In  Fig.  1  1  have  summarized  these  typical  features  of  an  advanced  helicopter  airfoil. 

I  may  conclude  my  comment  by  noting  that  some  of  these  ideas  may  be  improved  by  replacing  the  real  airfoil 
by  the  “fluid”  airfoil  and  that  in  some  cases  the  unavoidable  compromise  between  partly  conflicting  requirements 
may  lead  to  slightly  different  solutions,  but  in  general  the  flow  environment  of  a  conventional  helicopter  rotor  is  so 
stringent  that  the  future  will  carve  out  only  one  airfoil  form  which  matches  the  double  purpose  conditions  best. 

•  At  least  as  long  as  the  stalled  condition  and  the  tip  vortex  interference  are  excluded, 
t  Or  the  angles  of  attack. 
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Fig.  1  Typical  geometric  characteristics  of  a  helicopter  airfoil 
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RECENT  DEVELOPMENTS  IN  ROTOR  BLADE  STALL 
by 

W.  J.  McCroskey 

U.  S.  Army  Air  Mobility  RAD  Laboratory 
Antes  Directorate 

Moffett  Field,  California  USA  94035 


SUMttRT 


Considerable  progress  has  been  made  In  recent  years  In  analysing  rotor  boundary  layers.  The  basic 
affects  of  rotation  and  crossflow  due  to  forward  flight  have  been  identified  and  found  to  be  inslgnlflcnnt 
for  most  cases  of  practical  lntarsat  In  helicopter  aerodynamics.  Within  the  framework  of  classical 
thin  boundary  thaory,  unsteady  viscous  effects  are  also  quite  small.  However,  unsteady  vlscous-lnvlsdd 
Interaction  appears  to  play  an  iaportant  role  in  retreating  blade  stall.  At  high  fr /ward  speeds,  stall 
on  the  retreating  blade  closely  reaeri>les  dynamic  stall  on  an  unsteady  two-dimensional  airfoil,  and  the 
shedding  of  e  vortex-like  disturbance  from  the  leading  edge  of  the  blade  can  produce  very  large  transients 
In  the  blade  element  force  and  moment  coefficients. 


NOTATION 

b 


c 


cf 

CP 


CN 


AC«mex 


Cj/o 

k 

M 

P 

R 


t 

u 


«e 


v 


Vi 


. 


number  of  blades 
chord 

skin  friction  coefficient,  Tx/>tfiV3 


a  blade  element  angle  of  attack  in  the 

chordwise  plane 

a..,  “nc  static  and  dynamic  stall  angles, 
respectively 


pressure  coefficient,  (p-p »)/%pVj 

blade  element  pitching  moment 
coefficient  baaed  on  Vjt 


AaLS 


Increase  In  a  above  the  static  value 
for  laminar  separation  at  x/c  -  0.1 


aQ  mean  angle  of  attack 


blade  element  normal  force 
coefficient  based  on  Vj, 

increase  In  Cm  above  the 
"DUUC 

static  value 

rotor  thrust  coefficient, 
T/pbcfHR3 

reduced  frequency,  fic/2V0 


“1 

a 

B 


So 


amplitude  of  sinusoidal  oscillation 

time  rate  of  change  of  a 

skew  angle  of  the  flow  at  the  wall 
relative  to  the  flow  direction  at 
the  outer  edge  of  the  boundary  layer 


undisturbed  flow  angle  relative  to 
-1.  Vi  cosil/ 

the  x-axls,  tan  (_  '  „  I.J 


Mach  number  based  on 
pressure 
blade  radius 
Reynolds  number,  VQx/v 
Reynolds  number,  V^c/v 


time 


chordwise  velocity  In  the 
boundary  layer 


chordwise  velocity  at  the  outer 
edge  of  the  boundary  layer 


vertical  velocity  in  the 
boundary  layer 


Induced  velocity 


average  chordwise  velocity  in  the 
flow  approaching  the  blade  or  airfoil 


local  blade  element  velocity, 
fir  +  Vj  sin  i 


8 

a 

w 

V 

p 

Tx>  T* 


translational  velocity  perpendicular  to  the 
axis  of  rotation 
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angle  between  the  x-axis  and  the 
plane  of  rotation 


blade  collective  pitch 
boundary  layer  thickness 
advance  ratio,  Vi/!)R 
kinematic  viscosity 
density 


chordwise  and  s panwise  components  of 
shear  stress 


rotor  blade  azimuth 
angular  velocity 


i-.fcttili.i.i  ir.iisA  s! 
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V2  translational  velocity  along  the  axl<i  of  rotation 

Vr  radial  velocity,  w  +  u(x/z) 

v  apanvlse  velocity  In  the  boundary  layer 

We  apanwlse  velocity  at  the  outer  edge  of  the  boundary  layer 

x  curvilinear  chordvlse  coordinate 

y  curvilinear  coordinate  normal  to  the  airfoil  surface 

z  apanwlse  coordinate 

1.  INTRODUCTION 

Helicopters  have  advanced  over  the  years  from  aeronautical  curiosities  to  useful  and  productive 
aircraft,  but  retreating  blade  stall  remains  a  major  obstacle  to  further  Improving  their  efficiency 
and  speed  in  forward  flight.  Blade  stall  occurs  on  the  "retreating"  side  of  the  rotor  disc,  where 
the  local  aerodynamic  angles  of  attack  are  forced  to  large  values  to  compensate  for  the  low  blade  elenant 
velocities,  as  Illustrated  in  Figures  1  and  2.  This  stall  phenomenon  limits  the  performance  of  the  rotor 
due  to  a  loss  in  lift  and  a  rise  in  drag,  and  In  addition,  most  helicopters  suffer  severe  vibration  and 
oscillatory  loads  in  the  control  system  due  to  the  large  pitching  moments  that  develop  In  the  blades 
when  they  stall. 

Since  stall  is  a  viscous  phenomenon,  it  is  logical  to  Inquire  how  boundary  layer  flows  on  rotor 
blades  differ  from  those  on  fixed  wings.  Although  numerous  investigators  have  pondered  this  question 
over  the  years,  we  still  do  not  have  a  satisfactory  theoretical  understanding  of  retreating  blade  stall. 

The  purpose  of  this  paper  is  to  describe  what  has  been  learned  about  viscous  flows  on  rotor  blades,  to 
show  why  present  boundary  layer  theory  fails  to  predict  when  stall  will  occur,  and  to  indicate  the 
directions  in  which  further  research  should  proceed. 

Before  trying  to  analyse  the  boundary  layer  flow,  let  us  consider  briefly  the  rotor  blade  element 
environment.  In  the  hover  or  axial  flow  case,  the  radial  and  azimuthal  variations  in  the  blade  element 
velocities  and  angles  of  attack  are  generally  negligible  over  distances  of  the  order  of  the  blade  chord, 
with  the  exception  of  the  tip  region.  However,  high  speed  forward  flight  can  be  another  story.  For 
example.  Fig.  2  shows  the  operating  conditions  for  a  full-scale  wind  tunnel  test  [1]  simulating  a  moderately- 
loaded  high  speed  flight  condition  of  a  Sikorsky  CH-34  helicopter.  For  these  conditions,  the  blades 
operated  over  a  Mach  number  range  from  incompressible  to  transonic  flow.  The  local  dynamic  pressure, 

1/2  pV^  ,  varied  by  more  than  an  order  of  magnitude,  and  consequently  a  and  Cjj  varied  over  a  very 
wide  range.  In  this  particular  test,  no  evidence  of  stall  was  observed,  even  though  Cjj  and  a  appeared 
to  exceed  by  significant  margins  the  static  stall  values  obtained  in  two-dimensional  testB  [2]. 

As  rotors  are  pushed  to  greater  thrust  levels,  the  retreating  blade  angles  of  attack  Increase 
until  stall  la  inevitable.  Fig.  3  shows  conditions  at  the  75X  radius  location  for  two  of  the  test  points 
reported  in  References  3  and  4.*  The  most  distinguishing  features  of  the  heavily  stalled  case  are  the 
enormous  values  of  Cjj  and  Cm  and  the  fact  that  "moment  jtall"  precedes  "lift  stall"  by  some  25“  in 
azimuth.  Furthermore,  the  retreating  blade  pressure  distributions.  Fig.  4,  were  unlike  anything  ever 
observed  in  static  airfoil  or  hover  tests.  Rather,  they  seemed  to  indicate  the  formation  and  shedding 
of  a  vortex-like  disturbance  from  the  leading  edge  region,  as  suggested  by  Ham  and  Garelick,  [5]  followed 
by  large  transients  in  the  pressure  distribution  as  this  disturbance  drifted  rearward  over  the  upper 
surface.  As  indicated  in  Fig.  5,  the  model  rotor  successively  experienced  dynamic  overshoot  of  the  static 
stall  angle  before  stall  began,  followed  by  vortex  shedding  and,  finally,  stall  flutter.  More  detailed 
descriptions  of  this  phenomenon  have  been  given  in  References  3—6;  the  point  here  is  that  none  of  the 
classical  notions  about  stall  on  fixed-wing  aircraft  seem  applicable  to  the  helicopter  rotor  in  forward 
flight. 

Since  the  high  speed  helicopter  rotor  blade  operates  in  such  a  highly  unsteady,  three-dimensional, 
and  rotating  environment,  it  is  not  surprising  that  its  aerodynamic  characteristics  differ  considerably 
from  those  of  fixed  wing  aircraft.  The  major  questions  facing  us,  then,  are  (1)  how  does  the  structure 
of  the  viscous  flow  on  rotating  blades  differ  from  that  on  classical  airfoils,  and  (2)  how  can  the  essential 
features  of  retreating  blade  stall  be  modeled  without  recourse  to  an  actual  helicopter  rotor? 

2.  ROTOR  BLADE  BOUNDARY  LAYER  THEORY 

In  many  applications  of  fluid  mechanics,  classical  thin  boundary  layer  theory  provides  valuable 
Information  concerning  skin  friction  distributions,  heat  transfer  rates,  and  separation  characteristics. 
However,  the  general  problem  of  stall  on  lifting  surfaces  remains  unsolved,  even  in  the  relatively  simple 
case  of  a  steady  two-dimensional  airfoil.  Therefore,  we  should  not  expect  to  be  able  to  analyze  helicopter 
retreating  blade  stall  completely  within  the  framework  of  boundary  layer  theory.  What  we  can  hope  for 
is  twofolds  first,  to  derive  the  predominant  parameters  and  assign  relative  orders  of  importance  to  the 
various  physical  effects,  and  second,  to  infer  something  useful  about  helicopter  stall  characteristics 
from  the  skin  friction  behavior  on  rotating  blades.  From  this  sort  of  theoretical  understanding,  coupled 
with  experimental  data,  we  should  be  able  in  the  future  to  empirically  model  the  phenomenon  well  enough 
to  predict  when  retreating  blade  stall  will  occur,  what  its  consequences  will  be,  and  what  improvements 
can  be  designed  into  rotor  systems. 

*  A  brief  description  of  the  model  rotor  is  given  in  the  Appendix. 
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Th*  boundary  layar  equation*  In  the  coordinate  system  depleted  In  Fig.  1  are  the  following  [7-8]: 


lE  +  ll  3w  ,  fl 
3x  3y  3z  ° 


in  +  J"  +  +  J2. 

3t  3x  3y  3z 


20w  coa  y  ■ 


u|S  +  4a  +  wf*  +  20u  co.  Y  ■  |^*  -  n2t  -  1  !* 
3t  3x  3y  3z  T  3y  p  3z 


111 

ay 

3t, 


-  C12X  -  i  !* 

p  3x 


(1) 

(2) 

(3) 


where 


-  +  u  |J2»  +  w|^®-  -  2nw  coa  y  +  n2» 

p  3x  3t  ®3x  ®3z  e  ' 


(4) 


Following  Ref.  8,  It  ie  illuminating  to  write  Eqna.  1  and  2  with  the  dominant  or  primary  terme  on  the 
left  hand  side  and  the  secondary  terms  on  the  right  hand  side.  Then  with  the  aid  of  Eqn.  4, 


3u  ,  3u  3tv 
r3x  V3y  “  3y 


U  lie.  .  i— (u  -u) 
e3x  Ut  'j 


uns  teady 


2ft(W,-af)  cos  ;  .  wue 

Coriolis  crossflcw  momentum  flux 


(6) 


It  should  be  noted  that  the  centrifugal  force  term  does  not  appear  explicitly  In  Eqn.  6,  by  virtue  of 
Eqn.  4.  Also,  the  lnvlscld  Coriolis  and  crossflow  momentum  flux  terms  have  been  combined  with  the  secondary 
viscous  terms.  These  lnvlscld  terms  Impress  an  Important  effective  pressure  gradient, 


w  lie 

e  3x 
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W  + 
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,  Ma 

e  3z 


(7) 


on  the  chordwise  momentum  equation  (see  References  7-9) . 

To  a  first  approximation,  the  terms  on  the  right  side  of  Eqn.  6  can  be  considered  In  effect  to 
play  the  role  of  additional  chordwise  pressure  gradients.  Thus  departures  from  classical  two-dimensional 
steady  boundary  layer  behavior  will  be  due  to  unsteady,  Coriolis,  and  spanwlse  gradient  effects. 
Furthermore,  when  the  sign  of  these  terms  is  positive,  the  primary  flow  will  be  accelerated,  the  skin 
friction  will  Increase,  and  separation  should  be  delayed.  When  they  are  negative,  the  chordwise  flow 
will  be  decelerated  and  separation  should  occur  earlier.  Examples  of  these  effects  that  could  delay 
separation  on  a  helicopter  rotor  In  forward  flight  are  following: 


(1)  Increasing  angle  of  attack,  e.g. ,  the  second  and  third  quadrants.  This  causes  (Ue-u)  to 
Increase  at  a  positive  rate. 

(2)  Increasing  local  blade  element  velocity,  e.g.,  the  first  and  fourth  quadrants.  This  also 
produces  a  positive  rate  of  change  in  (Ue-u)  . 

(3)  Crossflow  radially  Inward,  e.g.,  the  second  and  third  quadrants.  This  produces  a  positive 
net  Coriolis  acceleration.  Also,  the  crossflow  derivative  in  the  continuity  equation  couples 
favorably  with  the  primary  flow  (see  Ref.  8). 

(4)  Crossflow  radially  outward,  e.g.,  the  first  and  fourth  quadrants.  This  produces  a  positive 
net  spanwlse  momentum  flux. 

From  these  examples.  It  is  clear  that  a  complex  competition  exists  between  the  several  secondary 
terms,  depending  upon  the  azimuthal  position  of  the  blade  and  the  detailed  u  and  w  velocity  profiles. 
Extrapolating  from  flat  plate  studies,  McCroskey,  et  al  [7,8]  concluded  that  maximum  separation  delay  would 
occur  In  the  third  quadrant,  while  Williams  and  Young  [9]  found  maximum  delay  at  i|>  ■  0  on  a  Joukowskl  airfoil. 
We  shall  see  In  Section  3  that  both  miss  the  essence  of  retreating  blade  stall. 

2.1  The  Question  of  Radial  Flow 

The  magnitude  And  Importance  of  radial  flow,  or  crossflow,  has  preoccupied  rotor  aerodynamlcists 
for  years.  Fogarty's  [10]  and  many  subsequent  analyses  of  the  laminar  hover  case  have  indicated  that  the 
centrifugal  pumping  on  a  high  aspect  ratio  blade  is  much  less  than  on  the  classical  von  Karman  rotating 
disc,  but  the  notion  persists  that  radial  flow  Is  an  important  factor  In  rotor  blade  stall. 

2,1,1  Hover  or  Axial  Flow  —  Several  measurements  [11-17]  of  radial  flow  are  summarized  in  Table  1. 

In  these  cases,  the  translational  velocity  Is  either  zero  (rotor)  or  purely  axial  (propeller),  and  8 
denotes  the  surface  streamline  direction  relative  to  circular  arcs.  The  reported  results  seem  to  fall 
Into  two  categories.  Except  for  localized  regions  of  separated  flow,  high  aspect  ratio  blades  exhibit 
small  skew  angles  and  approximately  two-dimensional  characteristics,  whereas  large  skew  angles  and  anomolous 
behavior  have  been  observed  on  blades  of  marine  propeller  proportions. 

Fig.  6  shows  the  surface  streamline  directions  that  have  been  predicted  by  various  investigators 
[8,9,18,19].  The  remarkable  difference  between  laminar  and  turbulent  skw  angles  is  due  to  the  fact  that 
near  the  wall,  the  much  smaller  chordwise  momentum  defect  and  larger  shear  stress  gradients  of  turbulent 
boundary  layers  make  the  centrifugal  pumping  effect  much  smaller  In  the  turbulent  case. 


a  'i  aa-v.  ^ r  Mi'i'rn  i  inr^M 
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0»«  effect  of  radial  flow  on  tha  loci  of  tx  “  0,  which  for  rotor  appllcatlona  doaaly  approximates 
tha  Halting  streamline  bahavlor  of  three-dimensional  aaparatlon,  la  llluatratad  In  Fig.  7  for  aavaral 
typed  of  chordwlaa  praaaura  dlatrlbutlona  [8,9,20).  lhaaa  laalnar  raiulta  llluatrata  two  Important  aapacta 
of  rotating  bladaa.  Flrat,  tha  af facta  of  rotation  become  Bora  pronouncad  naar  the  axis  of  rotation, 
while  tha  two-dlnanalonal  reaulta  ara  approached  aa  a  lncraaaaa.  Second,  rotational  effecta  on  the 
poaltlon  of  laminar  aaparatlon  are  etrongly  auppreaaed  by  lncreaalng  chordwlaa  praaaura  gradlenta,  and 
they  ara  of  no  conaequence  outboard  of  t/c  2  tor  a  rotating  blada  at  large  Incidence.  This  haa  bean 
confirmed  In  the  experiments  of  Ref.  15  and  can  be  Inferred  from  tha  data  of  Raferencea  14  and  16. 

2.1. 2  Forward  Fll^t  —  The  forward  flight  caae  haa  received  leaa  attention  than  hover,  becauae 

of  the  additional  compllcatlona  of  unateady  effecta.  Aa  a  reault,  fewer  quantitative  eatlmates  of  the 
magnitude  and  loportanca  of  radial  flow  In  forward  flight  are  available. 

Howaver,  one  Important  facet  of  radial  flow  has  been  established  [7-9,20].  In  general,  crosaflow 
due  to  the  apanwlse  component  of  the  forward  flight  velocity,  Vj  cos  41 ,  totally  predominates  over  centrifugal 
pumping.  This  la  apparent  In  the  radial  velocity  profiles  shown  In  Fig.  8  for  a  flat  plate  blade,  and 
In  the  meaaureowinta  [17,22]  that  have  shown  the  flow  directions  to  be  approximately  those  of  the  undisturbed 
streamline,  $Q. 

Fig.  9  shows  the  laminar  results  of  William  and  Young  [9]  for  the  variation  In  the  poaltlon  of 

tx  -  0,  Including  both  unsteady  and  radial  flow  effects.  Although  Williams  and  Young  chose  atypical 

variations  of  a  vs  i| 1,  the  main  conclu  Ion  that  can  be  drawn  from  the  figure  la  that,  like  the  hover 
results  In  Fig.  7,  the  position  of  laminar  separation  depends  much  more  strongly  upon  the  local  Instantaneous 
value  of  a,  and  hence  upon  the  local  chordwlse  pressure  gradients,  than  upon  radial  flow.  It  Is  clear 
that  the  features  of  retreating  blade  stall  cannot  be  explained  from  these  results. 

Hicks  and  Nash  [21]  neglected  unsteady  effects  and  calculated  the  three-dimensional  turbulent 
boundery  layer  flow  for  the  rotor  conditions  shown  In  Fig.  2.  Their  quasi-steady  results  were  highly 
pessimistic  on  the  retreating  blade,  predicting  separation  over  the  whole  airfoil  when  in  fact  the  boundary 
layer  remained  attached. 

Despite  these  difficulties,  Hicks  and  Nash  were  able  to  demonstrate  the  effects  of  radial  flow 
at  blade  azimuths  where  a  was  small,  and  Fig.  10  shows  a  typical  case.  These  result  demonstrate  the 
competing  secondary  factors  described  in  the  beginning  of  this  section.  Near  the  leading  edge,  the 

lnviscid  crossflow  momentum  flux,  Wg  In  Eqn.  6,  Is  the  largest  secondary  term  and  consequently  tz 

is  increased  over  the  two-dimensional  value.  Near  the  trailing  edge,  the  Coriolis  term  becomes  relatively 
more  Important,  and  tx  Is  less  than  the  two-dimensional  value.  However,  the  magnitude  of  the  crossflow 
effects  does  not  seem  to  be  anywhere  near  the  magnitude  of  stall  effects  that  are  suggested  by  Figures 
3-4. 

2.2  Unsteady  Boundary  Layer  Effects 

From  many  two-dimensional  flat  plate  studies.  It  Is  well  known  that  the  magnitude  of  t  and 
its  phase  relative  to  Ue  are  strongly  affected  by  unateady  effecta.  For  example,  Fig,  11  shows  laminar 
and  turbulent  results  calculated  by  H.  A.  Dwyer*  for  high  speed  rotor  conditions  and  a  very  wide  chord 
blade.  As  In  the  case  of  the  hover  skew  angles  shown  In  Fig.  6,  the  turbulent  boundary  layer  Is  less 
sensitive  to  the  secondary  effect  of  unsteady  Ue  than  Is  the  laminar  case. 

The  logical  extension  from  flat  plate  results  Is  to  unsteady  airfoils  with  pressure  gradients. 

In  the  rotor  case,  both  the  blade  element  velocities  and  angles  of  attack  vary,  as  shown  In  Fig.  3. 
accordingly,  these  two  effects  are  treated  separately  In  Figures  12  and  13.  For  the  sake  of  studying 
ooonaary  layer  effects  alone,  the  potential  flow  Is  taken  to  be  quasi-steady  in  these  two  figures .  He 
see  that  the  unsteady  viscous  effects  do  affect  the  position  of  tx  •  0,  but  only  at  angles  of  attack 
well  below  the  stall  angle.  Therefore,  we  still  do  not  have  an  explanation  of  why  retreating  blade  stall 
Is  so  different  from  static  stall. 

On  the  other  hand,  Carta  [24]  recently  proposed  that  the  unsteady  potential  flow  on  an  oscillating 
airfoil  might  contribute  to  a  delay  in  dynamic  stall,  due  to  the  attenuation  and  phase  lag  of  the 
unsteady  chordwlse  pressure  gradients.  Accordingly,  Fig.  14  shows  the  change  In  the  position  of 
xx  ™  0  when  this  effect  Is  taken  Into  account,  using  the  recent  unsteady  lnviscid  analysis  of  Ref.  25. 

Indeed,  much  larger  unsteady  effects  arc  apparent,  in  comparison  with  Fig.  13,  and  the  results  seem  to 
Indicate  that  an  Important  feature  of  th.'  problem  has  been  Illuminated. 

Fig.  15  shows  the  relative  Importance  of  unsteady  lnviscid  and  viscous  effects  on  laminar  separation 
on  an  oscillating  airfoil,  as  a  function  of  the  frequency  of  the  oscillation.  The  unsteady  lnviscid 
effect  Is  clearly  the  predominant  one,  and  the  good  agreement  with  measurements**  of  the  position  of 
a  laminar  separation  bubble  is  encouraging.  However,  we  shall  see  In  Section  3  that  dynamic  stall  Is 
more  complicated  and  cannot  be  predicted  on  the  same  basis. 


*  Private  comnunlcation.  The  turbulent  results  were  obtained  using  an  eddy  viscosity  model  with 
the  steady  empirical  constants  of  Cebecl  and  Smith  [23]. 

**  The  oscillating  airfoil  model  Is  described  In  the  Appendix. 
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2.3  8wary  of  Boiaidary  Layer  gf facta 

The  details  of  the  several  analyses  of  radial  flow  ara  Interesting  In  a  basic  sense,  as  they  give 
the  skew  anglee  and  changes  In  skin  friction  distributions  that  occur  on  rotating  blades.  However,  for 
cesea  with  realistic  chordwlse  pressure  distributions,  radial  flow  doaa  not  seen  to  produce  anywhere 
near  tha  magnitude  of  effects  that  are  auggested  by  Figures  3  and  4.  Likewise,  laminar  unsteady  viscous 
effects  are  very  small  at  angles  of  attsck  approaching  the  stall  angle.  Thn  flat  plate  results  shown 
in  Fig.  11  suggest  that  turbulent  flows  will  exhibit  even  smaller  unsteady  effects,  although  this  remains 
to  be  demonstrated  for  flews  with  adverse  pressure  gradients.  However,  large  effects  have  been  found 
when  the  unsteady  nature  of  the  potential  flow  is  properly  treated.  This  suggests  further  consideration 
should  be  given  to  unsteady  aerodynamics,  and  that  perhaps  there  are  Important  interactions  between  viscous 
and  lnviscid  effects. 

3.  DYNAMIC  STALL 

Several  investigators  [3,26-29]  have  indicated  that  significant  improvements  In  helicopter  rotor 
airloads  calculations  can  be  obtained  by  utilizing  two-dimensional  unsteady  airfoil  data.  An  important 
link  between  rotor  and  unsteady  airfoil  behavior  was  provided  recently  by  McCroskey  and  Fisher  [3,4]  and 
Is  shown  In  Fig.  16.  The  figure  shows  Ham  and  Garelick's  unsteady  two-dimensional  dAta  [5]  superimposed 
on  graphs  of  model  rotor  data  for  nearly  identical  dimensionless  parameters.  Open  eytfcols  denote  unstalled 
data  and  the  solid  synfeols  stalled  conditions.  Each  symbol  on  the  right  hand  graph  has  a  corresponding 
angle  of  attack  synfcol  on  Che  left  hand  graph.  On  both  models,  the  suction  near  the  leading  edge  began 
to  collapse  at  a  a.  19.5*. 

A  plot  of  Cfl  vs  Cjj  is  a  sensitive  indicator  of  departures  from  classical  steady  airfoil  behavior. 
With  this  In  mind,  the  striking  agreement  in  Fig.  16  between  the  model  rotor  and  unsteady  airfoil  data 
Is  remarkable,  especially  up  to  the  point  of  complete  stall.  Beyond  this  point,  the  flexible  model  rotor 
blade  began  to  flutter,  and  in  the  azimuth  range  270*  <  «|i  <  360°  ,  stronger  three-dimensional  effects 
and  plunging  motion  of  the  rotor  blade  probably  produced  a  significantly  different  blade-element 
environment.  Nevertheless,  the  essential  features  of  retreating  blade  stall  seem  to  be  well  duplicated 
by  the  two-dimensional  unsteady  airfoil.  This  is  the  essential  point  here,  because  it  indicates  that 
future  research  efforts  can  rely  more  heavily  on  unsteady  airfoil  studies.  This  is  obviously  a  major 
simplification,  and  the  remainder  of  this  paper  deals  primarily  with  oscillating  airfoils. 

3.1  The  Onset  of  Dynamic  Stall 

The  good  agreement  between  theory  and  experiment  shown  in  Fig.  15  suggests  attempting  the  same 

sort  of  correlation  for  the  onset  of  dynamic  stall,  and  this  is  shown  in  Fig.  17.  The  stall  data  [29-32] 

correspond  to  "moment  stall"  angles  of  attack  where  nose-down  pitching  moments  increase  abruptly;  the 
maxiaum  lift  and  pitching  moment  usually  occur  slightly  later  [33]. 

The  moment  stall  delay  rises  rapidly  with  increasing  frequency  to  the  point  where  stall  occurs 

at  the  maximum  angle  in  the  cycle,  i.e.,  ctnS  -  aQ  +  aj .  Also  shown  in  the  figure  are  the  angles  predicted 

by  the  recent  analysis  of  Crlml  and  Reeves  [34] .  The  two  theoretical  predictions  fall  far  short  of 
the  data,  indicating  that  some  sort  of  unsteady  viscous  effects  that  were  not  present  in  the  laminar 
separation  results.  Fig.  15,  must  be  influencing  the  dynamic  stall  delay. 

The  hot  wire  measurements  shown  in  Fig.  17  indicate  that  in  the  present  experiment,  the  inviscid 
flow  began  to  break  down  somewhat  in  advance  of  moment  stall.  Fig.  IB  shows  the  signals  from  the  hot 
wires,  pressure  transducer,  and  skin  friction  gage  as  the  airfoil  oscillated  in  and  out  of  stall.  The 
hot  wire  at  x/c  “0.75  indicated  some  amount  of  trailing  edge  separation  before  stall,  but  it  is  interesting 
to  note  that  all  transducers  indicate  a  major  change  at  approximately  the  same  instant. 

One  of  the  most  interesting  aspects  of  Fig.  18  is  that  the  suction  at  x/c  -  0.1  continues  to  rise, 
whereas  the  velocity  decreases  rapidly  after  the  onset  of  stall.  This  means  that  a  vlscous-lnviscld 
interaction  has  begun  during  which  pressure  and  velocity  are  not  at  all  related  by  the  usual  Bernoulli 
relation. 

The  model  rotor  pressure  measurements,  Fig.  4,  seemed  to  indicate  that  during  the  onset  of  dynamic 
stall,  a  vortex-like  disturbance  was  shed  from  the  leading  edge  region  and  grossly  distorted  the  flow 
field  as  it  passed  over  the  airfoil,  as  discussed  by  Ham  and  Garellck  [5]  and  Philippe  [6].  Unfortunately, 
the  oscillating  airfoil  model  had  only  one  pressure  transducer,  and  so  this  phenomenon  could  not  be 
observed.  The  hot  wires  and  skin  friction  gage  indicated  fully  separated  flow,  so  in  this  regard,  Fig. 

18  really  raises  more  questions  than  it  answers . 

3.2  Maximum  Forces  and  Moments  During  Dynamic  Stall 

The  helicopter  engineer  wants  to  know  how  to  predict  blade  airloads  during  dynamic  stall.  Several 
methods  are  available  [27,35,36],  but  to  review  them  is  beyond  the  present  scope  or  intent.  However, 
it  is  interesting  to  inquire  what  upper  limits  of  force  and  moment  coefficients  exist,  as  these  affect 
performance,  blade  motion,  and  vibratory  loads. 

Fig.  19  shows  coefficients  from  a  number  of  sources  [3,4,5,29,30,36,37,38],  including  rotors 
and  two-dimensional  airfoils.  The  figure  is  not  meant  to  be  all-inclusive;  the  main  point  is  to  indicate 
the  wide  range  of  magnitudes  that  have  been  obtained.  The  oscillating  airfoil  data  are  arbitrarily  limited 
tc  a  t  agg  ,  to  M  <  0.3,  and  to  sets  of  data  that  include  some  test  points  where  the  airfoil  stalled 
before  reaching  the  maximum  angle  of  attack  (solid  symbols).  Otherwise,  the  full  potential  of  unsteady 
aerodynamics  was  probably  not  realized. 

With  the  exception  of  Ham  and  Garelick's  results,  the  abscissa  in  Fig.  19  is  the  nondimens lonal 
pitch  rate  evaluated  at  the  static  stall  angle.  We  should  not  expect  this  to  be  a  unique  correlating 
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parameter,  however,  bacanaa  It  doaa  not  include  any  dapandanca  upon  tha  total  amplitude  of  tha  unataady 
motion.  Por  example,  an  oeclllatlng  airfoil  will  stall  atopg  -  o0  +  a;  If  tha  anplltuda  a;  la  small, 
vhila  It  will  atall  at  &ds  <  o0  f  a;  (although  at  a  graatar  apg  than  bafora)  If  oj  la  larga.  On  tha 
othar  hand.  Ham  and  Garelick’s  oc/v  evaluatad  at  OqS  la  lnadaquata  for  oscillating  airfoils,  ainca 
thsy  may  atall  at  tha  top  of  ths  cycls,  whara  a  ■  0. 

Finally,  wa  should  note  the  enormous  values  of  Cjj  and  that  sometlmaa  occur,  Thame  era 
not  pradlctad  by  tha  eipplrlcal  models  of  References  27,  35,  and  36,  especially  the  pitching  moment 
coefficient!)  in  excess  of  0.4, 

4.  CONCLUDING  REMARKS 

Considerable  progress  has  been  made  in  recent  years  In  analyzing  and  understanding  rotor  blade 
boundary  layara,  but  ao  far  the  mere  addition  of  unsteady,  three-dimensional,  and  rotational  terms  to 
classical  thin  boundary  layer  theory  'las  failed  to  explain  the  primary  characteristics  of  retreating 
blade  stall. 

However,  the  combined  information  from  analyses  and  experiments  Indicates  that  cosb lned  vlscoua 
and  lnvlsdd  unsteady  effects  are  Important,  and  much  more  so  than  rotational  and  yawed  flow  offsets. 
Therefore,  It  seems  that  a  great  deal  of  valuable  Information  can  be  obtained  from  unsteady  two-dimensional 
studies,  both  theoretical  and  experimental.  Flow  visualization  and  detailed  boundary  layer  measurements 
during  the  series  of  events  that  comprise  dynamic  stall  are  badly  needed  to  guide  theoretical  unsteady 
vlscous-invlscid  interaction  studies.  In  addition,  the  existing  force  and  moment  data,  and  perhaps  new 
data,  need  to  be  analyzed  further  to  establish  the  parameters  that  determine  the  maximum  values  of 
Cjj  and  -Cfj.  New  tests  should  concentrate  more  on  the  larger  amplitudes  and  lower  frequencies  that  seem 
to  be  characteristic  of  the  once-per-rev  a  (tp)  at  extreme  operating  conditions. 

Most  of  the  available  rotor  data  were  obtained  on  conventional  fully  articulated  blades.  Therefore, 
there  appears  to  be  a  need  for  some  further  rotor  tests,  to  see  whether  the  basic  fluid  dynamic 
characteristics  of  retreating  blade  stall  are  the  same  for  other  rotor  types,  even  though  the  physical 
manifestations  of  stall  and  practical  limitations  that  arise  from  stall  may  be  different. 

Finally,  radically  new  Ideas  are  needed  on  the  subject  of  airfoil  design  for  dynamic  environments. 
Most  major  helicopter  manufacturers  have  now  come  to  accept  the  concepts  of  leading  edge  camber  and 
thin  tips  to  improve  static  airfoil  characteristics,  and  this  generally  improves  retreating  blade  stall 
boundaries  as  well.  But  so  far,  no  one  has  met  the  challenge  of  avoiding  or  softenlnR  dynamic  stall 
to  any  significant  degree.  Surely  there  are  ways  to  solve  this  problem  without  abandoning  the  rotor 
altogether. 
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APPENDIX 

The  model  rotor  utilized  in  the  McCroskey  end  Fieher  experiment  [3]  wee  dynamically  representative 
of  one  of  the  main  rotors  of  a  Boeing  CH-47C  helicopter,  with  blades  of  1.18  m  span,  0.085  m  chord,  -9* 
linear  twist,  and  a  modified  NACA  23010  airfoil.  They  were  constructed  of  balsa  wood  and  fiberglass  and 
were  instrumentated  at  the  75  percent  radius  station  with  absolute  pressure  transducers  and  directlonally- 
sensitlve  heated-film  skin  friction  gages  [39]. 

The  pressure  measurements  utilized  3  mm  dlam  Kullte  ultraminiature  semiconductor  pressure 
transducers,  mounted  at  11  chordwlse  locations  on  the  top  of  the  blade 

and  8  locations  on  the  bottom.  In  addition,  a  differential  pressure  transducer  was  located  between 
orifices  at  x/c  -  0  and  x/c  •  0.025  on  the  lower  surface;  data  from  this  transducer  were  used  In 
estimating  the  local  blade-element  angles  of  attack.  The  pressure  transducers  wer  infcedded  in  silastic 
ruober  beneath  0.1  ■  dia.  holes,  and  the  skin  friction  gages  were  bonded  flush  on  the  surface  of 
the  blade.  More  complete  discussions  of  the  Instrumentation,  test  procedures,  and  other  data  are 
available  in  References  3  and  4. 

The  oeclllatlng  airfoil  data  shown  In  Figures  15  and  17  were  obtained*  on  a  NACA  0012  model  of 
15.2  cm  chord  and  30.5  cm  span,  pitching  about  x/c  -  0.25  and  tested  at  Ret  ■  3.5  X  105  and 
5  X  10s.  The  instrumentation  consisted  of  a  heated-film  skin  friction  gage  [39]  and  a  Kullte  pressure 
transducer  at  X  -  0.1,  and  hot  wire  anemometers  at  X  •  0.1,  0.25,  and  0.75. 

The  hot  wires  were  normally  mounted  just  outside  the  boundary  layer  and  used  to  detect  large 
scale  disturbances  In  the  lnviscld  flow  that  might  be  symptomatic  of  stall.  The  skin  friction  gage 
provided  boundary  layer  transition  and  separation  Information.  Oil  flow  visualization  at  k  ■  0 
confirmed  the  skin  friction  gage  and  hot  wire  indications  that  transition  to  turbulence  was  triggered 
by  a  short  laminar  separation  bubble  that  moved  forward  over  the  airfoil  u  a  increased.  Therefore, 
the  experiment  produced  a  distinct  boundary  layer  separation  ev.nt  that  did  not  interact  significantly 
with  the  lnviscld  flow,  in  addition  to  producing  the  more  complicated  conditions  of  stall. 


TABLE  1.  SUMMARY  OF  RACIAL  FLOW  EXPERIMENTS 


Reference 

Geometry 

Boundary  Layer  State 

Skew  Angles,  B, 
Upstream  of  Separation 

Remarks 

Hlmmelakamp  [11] 

propeller 

C/R  v  0.5 

not  specified 

5°  -  15° 

lift  and  drag 
higher  than  2-0 
data 

Gutsche  [12] 

propellers 

0.1  <  C/R  <  0.4 

lam.  and  turb. 

0  -  20° 

complex  separation 
patterns 

Berry  [13] 

propeller 

C/R  v  0.5 

lam.  and  turb. 

0  -  30" 

8  large  for  laminar 
small  for  turbulent 

Tanner  &  Yaggy  [14] 
McCroskey  [15] 

rotors 

0.1  <  C/R  <  0.2 

lam.  and  turb. 

6^0 

transition  un¬ 
affected  by  rotation 

Velkoff  et  al  [16] 

rotors 

0.1  <  C/R  <  0.2 

laminar 

8  v  0 

flow  visualization; 
large  8  within 
separation  bubble 

Blaser  &  Velkoff  [17] 

rotor 

C/R  ^  0.2 

laminar 

5°  -  15 4 

hot  wire  data 

*  The  assistance  of  T.  M.  Wynn  in  planning  and  conducting  the  experiment  Is  gratefully  acknowledged. 
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BOUNDARY  LAYER  COORDINATES 
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Pig.  1  Coordinate  in  the  roteting  ayetem,  with  V!  in  the  plane  of  the  disc  and  V2  normal  to  the  diac 
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180* 


270* 


1/2  pV? 


Fig.  2  lepra* entative  rotor  condition*  for  high  speed  flight  below  stall,  baaed  on  the  measurements  of  Ref.  1 
p  "■  0.45,  Cj/a  -  0.05.  Static  ^  1.3. 
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o  FORWARD  FLIGHT  DATA 
A  HOVER  OR  NON -ROTATING  DATA 


Fig.  3  Hi*  blade-elenmfnt  environment  end 
measured  airfoil  characteristics 
for  the  model  rotor  of  Ref.  3; 

M  -  0.35,  Cj/o  -  0.074  and  0.132, 
a/R  *  0.75.  Static  R-  1.1. 


Fig.  4  Measured  pressure  distributions  on 

the  model  rotor  [3]  at  C7/0  ■  0. 132  • 
Solid  symbols  stalled,  open  symbols 
unstalled. 


Fig.  5  The  variation  in  angle  of  attack 
on  the  model  rotor,  showing  the 
sequence  of  events  during 
retreating  blade  stall. 


Fig.  6  Surface  streamline  directions 
relative  circular  arcs  for 
rotating  blades  In  hover  or  axial 
flow. 
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Fig.  7  The  effect  of  rotation  on  the 

chordwlse  position  of  zero  laminar 
shear  stress  for  rotating  blades 
in  hover  or  axial  flow  [8,9,20]. 


Fig.  8  Radial  velocity  profiles  on  a  flat 
plate  blade  In  forward  flight; 
x/z  -  0.1  ,  V!/0z  -  0.3. 
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o  MODEL  ROTOR  DATA 
a  UNSTEAOY  AIRFOtL 


SOLID  SYMBOLS  STALLED 
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0  10  20 

DIMENSIONLESS  TIME, 
V0t/C  OR  flrt/c 


Fig.  15  Comparison  of  Che  theoretical  and 
experimental  dynamic  delay  in 
laminar  separation  at  x/c  >0.1 
on  an  NACA  0012  airfoil. 


Fig.  16  Correlation  of  the  model  rotor 
data  of  Ref.  3  with  the  two- 
dimensional  unsteady  airfoil 
measurements  of  Ref.  5.  Solid 
symbols  stalled,  open  symbols 
unstalled. 
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Fig.  17  Theoretical  and  experimental 
stall  delay  on  oscillating 
airfoils.  Open  symbols  denote 
moment  stall  data,  +  denotes 
initial  breakdown  of  the 
potential  flow. 


Fig.  18  Pressure  transducer,  hot  wire, 
and  akin  friction  gage  signals 
obtained  on  an  oscillating  NACA 
0012  airfoil. 
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THE  DERIVATION  AND  VERIFICATION  OF  A  HEW  ROTOR  PROFILE  ON  THE  BASIS 
OF  FLOW  PHENOMENA;  AEROFOIL  RESEARCH  AND  FLIGHT  TESTS 


H.  H.  Paarcey,  P.  G.  Wilby,  M.J.  Rilty,  P.  Brotherhood 
Aerodynamics  Department 

Royal  Aircraft  Establishment,  Farnborough,  Hants.,  England 


SUMMARY 

An  account  i«  given  of  (one  of  the  conaiderationi  that  governed  the  derivation  of  new  profile*  to  be 
incorporated  in  the  deaign  of  the  rotor  bladea  for  the  Lynx  helicopter  at  its  inception.  The  changes 
relative  to  the  NACA  0012  profile  were  conservative  but  were  chosen  to  give  consistent  and  significant 
all-round  improvements  to  the  shock-induced  Units  on  the  advancing  blade,  to  the  retreating-blade  thrust 
limits  and  to  the  loading  that  could  be  sustained  without  shock-wave  drag  in  hover. 

- - -Ute* -conservatism1  applied- -eapeei-al-Ly  to  the  ete-U-tng-chgrac tcr-iet-i-ee  vh-rch -piay  such- -a -dominant  part  - 

in  limiting  rotor  performance  but  which  are  so  difficult  to  predict  for  the  rotor  environment. 

The  profiles  were  derived  on  the  basis  of  steady  flow  aerofoil  tests,  but  qualitatively  similar 
improvements  have  been  verified  in  oscillatory  aerofoil  tests  and  in  flight.  A  novel  technique,  used  in 
the  latter  tests,  is  described  for  measuring  pressure  distributions  along  the  blade  chord  and  across  the 
blade  wake  in  the  region  of  the  rotor  tip  in  flight. 

The  paper  includes  a  discussion  of  the  flow  phenomens  observed  on  the  profiles  for  a  wide  range  of 
conditions,  including  flight.  This  draws  attention  especially  to  the  crucial  part  played  by  local  regions 
of  supersonic  flow  and  their  consequences  for  all  the  limits  to  rotor  performance  considered.  It  suggests 
that  the  growth,  breakdown  and  re-establishment  of  the  limiting  flows  will  depend  strongly  on  the  combined 
effects  of  the  simultaneous  variations  in  Mach  number  and  incidence. 

SYMBOLS 

c  aerofoil  chord 

CD  drag  coefficient 

lift  coefficient 
Cp  pressure  coefficient 

thrust  coefficient 

C  net  compressive  turning  angle 

E  net  expansive  turning  angle 

Hq  free  stream  stagnation  pressure 

M  Mach  number 

local  Mach  number 

p  static  pressure 

r  distance  along  blade  from  hub  centre 
R  rotor  radius 

I  INTRODUCTION 

It  is,  we  believe,  fairly  well-known1  that  Westland  Helicopters  Limited  are  using  for  the  blades  of 
the  Lynx  rotor  new  cambered  profiles  that  were  derived  as  part  of  our  continuing  programme  of  aerofoil 
research  (at  that  time  being  done  at  the  National  Physical  Laboratory,  Teddington).  We  now  have  an 
opportunity  to  record  not  on*y  some  of  the  factors  that  figured  in  the  derivation  of  these  profiles  but 
also  some  of  the  results  that  have  established  confidence  that  they  produce  the  improvements  expected  of 
them  when  exposed  to  the  exacting  and  complex  three-dimensional  and  periodic  environment  of  the  rotor 
itself. 

These  latter  results  include  some  obtained  recently  in  flight  research  on  a  Wessex  helicopter  at 
Bedford,  as  well  as  some  from  tests  made  by  Laabourne  and  his  colleagues  on  oscillating  aerofoils.  But, 
by  now,  of  course,  we  draw  most  of  our  confidence  from  the  highly  successful  way  in  which  the  Lynx  is 
proving  itself  in  flight  and  which  is  reflected  in  world  speed  records  that  it  has  already  captured.  The 
rotor,  including  its  cambered  blades,  it  evidently  performing  in  the  manner  that  its  designers  intended. 

Quite  obviously  the  research  that  we  shall  be  describing  owes  a  very  great  deal  by  way  of  stimulus 
and  objectivity  to  its  association  with  this  direct  spplication  to  the  Lynx  and  to  the  influence  of  the 
Westland  design  and  research  teams  under  Mr.  Speechley  and  Dr.  Jones,  The  fact  that  the  profiles  were  to 
be  incorporated  directly  into  a  new  rotor  design  (with  its  novel  hingeless  system  and  its  advanced  form  of 
blade  construction)  was,  as  we  shall  see,  an  overriding  consideration  in  their  derivation. 

The  shapes  emerged  from  an  iterative  interchange  between  the  aerofoil  research  at  Teddington  and  the 
rotor  design  at  Yeovil.  For  our  part,  we  set  out  to  bring  accumulated  knowledge  of  aerofoil  design  to  bear 
on  the  aerodynamic  problems  that  were  likely  to  limit  rotor  performance.  Our  direct  experience  had  up  to 
then  been  for  fixed  wings,  and  much  of  it  had  centred  around  how  to  design  profiles  for  which  the  adverse 
consequences  of  separated  flow  and  the  shock  waves  could  be  delayed  in  order  to  allow  the  processes  of 
generating  lift  to  continue  further  and  further  into  the  domain  of  increasing  incidence  and  stream  Mach 
number.  The  fundamental  principles  had  been  quite  sisiple  -  namely,  how  to  develop  the  lift  with  the 
minimum  level  of  velocity  on  the  upper  surface  of  the  profile  and,  then,  when  these  velocities  did  become 
high  and  often  locally  supersonic,  how  to  decelerate  them  as  smoothly  as  possible  with  the  minimum 
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disturbance  from  shock  waves  and  boundary-layer  separations.  Obviously  these  same  principles  were  basic 
to  the  rotor  problem  too. 

We  felt  convinced  that,  even  though  the  rotor  flows  were  highly  three-dimensional  and  were  periodic 
with  azimuthal  position,  the  manner  in  which  many  of  them  developed  to  the  limiting  stages  of  stalling, 
drag  rise  and  shock-induced  separation  would  be  strongly  influenced  by  profile  shape. 

We  were  not  then  by  any  means  so  clear  about  the  nature  of  the  profile  dependence,  nor  for  that 
matter  of  the  three-dimensionality  or  unsteadiness.  Nevertheless,  we  were  encouraged  by  the  success  that 
Boeing-Vertol  had  had  with  their  drooped  aerofoil  on  the  Chinook?  and  by  the  rotor-flow  observations  of 
Tanner5  and  others;  they  had  demonstrated  that  a  knowledge  of  the  steady  flow  on  two-dimensional  aerofoils 
was  a  viable  starting  point  in  the  design  of  aerofoils  for  rotor  blades. 

Much  has  transpired  in  the  meantime  to  confirm  this,  and  many  rotors  are  now  being  designed  with 
'advanced'  profiles.  True,  as  the  characteristics  of  the  three-dimensional  flows  and  unsteady  phenomena 
are  progressively  exposed  by  concurrent  research  they  are  turning  out  to  be  even  more  complex  than  expected 
in  certain  respects,  and  more  subtle  in  others.  For  example,  our  own  flight  research  illustrates  how 
angles^ of  incidence^th^t.  sr.e  high  enough  .to  provoke  &£V.et£..ghockj induced,  separations  are- #fcten-w»duced-in— 
highly  localised  vortex  interactions  and,  furthermore,  reveals  that  even  in  'hover'  such  phenomena  can 
become  strongly  periodic  -  only  very  slight  relative  cross  winds  are  required  to  skew  the  vortex  wake 
sufficiently  to  produce  this  periodicity.  Nevertheless,  the  manner  in  which  the  flow  reacts  to  these 
localised,  time-dependeut  high  incidences  appears  to  remain  profile-dependent  and  qualitatively  similar  to 
that  observed  in  aerofoil  tests. 

2  THE  BASIS  FOR  THE  DERIVATION  OF  THE  NEW  PROFILES 

The  new  profiles  represent  a  reasonably  conservative  evolutionary  change  from  the  standard  NACA  0012 
profile  that  has  been  so  widely  studied,  extensively  used,  and  hence  well  proven  in  the  rotor  environment. 
This  was  a  prudent  and  entirely  appropriate  requirement  for  profiles  that  were  to  be  incorporated  directly 
and  on  the  basis  of  theory  into  a  new  rotor  design.  Since  reliance  on  theory  alone  would  be  most  at  risk 
for  conditions  involving  blade  stall,  and  since  the  stalling  characteristics  so  often  dictate  the  limits  to 
performance  for  one  reason  or  another  (e.g.  control  loads,  instabilities,  etc.),  it  seemed  especially 
important  to  concentrate  on  the  nature  of  the  stall  for  both  steady  and  oscillatory  conditions  and  for 
different  parts  of  the  Mach  number  range,  and  to  ensure  as  far  as  possible  that  the  basic  characteristics 
exhibited  by  the  NACA  0012  profile  were  retained  for  the  new  profiles. 

The  present  account  is  based  almost  exclusively  on  separated  flow  phenomena  and  on  how  they  develop 
on  the  old  and  the  new  profiles  -  in  steady  and  in  oscillatory  aerofoil  tests  and  in  flight.  We  confine 
ourselves  to  selected  examples  appropriate  to  the  advancing  blade,  retreating-blade  stall  and  hover. 

3  AERODYNAMIC  LIMITS  TO  ROTOR  PERFORMANCE 

From  the  aerofoil  tests,  we  can  define  a  boundary  on  the  CM, a)  plane  (Fig. 2a)  beyond  which 
significant  effects  of  separation,  or  stall,  would  be  encountered.  Byham*,  following  J.P.  Jones5,  has 
shown  that  a  satisfactory  correlation  can  be  obtained  between  aerofoil  results  analysed  in  this  way  and 
the  aerodynamic  limits  to  rotor  performance  encountered  in  flight,  Fig. 2b.  The  overall  limit  to  rotor 
thrust  for  a  given  rotor,  typically  curve  DE  of  Fig. 2b,  is  associated  with  retreating  blade  stall  and 
with  the  profile-related  phenomena  that  determine  the  corresponding  portion  DE  of  the  aerofoil  separation 
boundary.  The  overall  limit  to  forward  speed  (curve  BC  of  Fig. 2b)  is  associated  with  the  effects  of 
shock-induced  sepaiation  on  the  advancing  blade  and  with  the  profile-related  phenomena  that  determine  the 
corresponding  portion  BC  of  the  aerofoil  boundary. 

The  limits  to  the  degree  to  which  the  blade  tips  can  be  loaded  in  hover  are  associated  with 
conditions  near  point  A  of  the  separated-f low  boundary  (Fig. 2a). 

(The  part  AB  of  the  separated-f low  boundary  corresponds  to  a  hypothetical  limit  to  rotor  thrust  - 
Fig. 2b  -  that  should  be  achievable  if  the  retreating-blade  limit  could  be  removed  in  order  to  enable  the 
full  potential  of  the  dynamic  head  to  be  exploited  -  as  for  the  ABC  concept.) 

Jr 

It  THE  NEW  PROFILES 

It  follows  from  the  cauf.ious  approach  described  in  section  2  that  we  shall  not  be  revealing 
spectacular  differences  between  the  characteristics  of  the  new  profiles  and  those  of  the  old.  This  was 
not  what  we  were  expecting  or  seeking.  Rather,  we  strove  for  consistent  but  significant  all-round 
improvements.  We  set  out  to  delay  the  onset  of  adverse  flow  phenomena  for  the  whole  range  of  Mach  number 
swept  through  by  elements  of  the  rotor  blades. 

Fig. 3a,  for  example,  illustrates,  the  consistent  improvement  in  the  boundary  for  separated  flow. 

Fig. 3b  in  turn  indicates  how  such  improvements  react  on  the  aerodynamic  limits  to  the  performance  of  the 
Lyrx  rotor.  The  new  profiles  give  a  25  knot  increase  in  the  advancing-blade  forward-speed  limit  over 
what  would  have  been  achievable  with  the  NACA  0012  profile  on  blades  and  rotor  that  were  identical  in 
every  other  respect.  The  simultaneous  increase  in  the  retreating-blade  thrust  limit  is  10Z  for  speeds 
ne«r  the  maximum. 

These  improvements  stenmed  from  a  combination  of  leading-edge  camber,  profile  changes  at  the 
leading  edge,  and  reduction  in  thickness.  All  the  changes  from  NACA  0012  were  relatively  small  and  all 
were  contrived  to  reconcile  improvements  in  one  part  of  the  Mach  number  range  with  those  in  others.  For 
conditions  associated  with  the  aerodynamic  limits  of  the  rotor,  local  supersonic  flow  and  boundary-layer 
separation  were  always  involved  in  some  combination  or  another  and  in  some  form  or  another,  but  the 
combination  and  pattern  was  different  in  different  parts  of  the  Mach  number  range.  A  profile  shape  that 
would  have  given  large  improvements  in  any  one  part  of  the  range  would  have  involved  penalties  in  some 
other.  The  new  profiles  represent  a  balance  in  this  respect. 
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3  THE  IMPORTANCE  OF  THE  RELATIVE  BEHAVIOUR  OF  THE  PROFILES  AS  DISTINCT  FROM  ABSOLUTE  DATA 

One  of  Che  main  function!  intended  for  the  so-called  limit*  estimated  from  profile  data  in  the 
manner  described  by  Byham^  is  to  provide  a  framework  for  comparison.  It  would  be  rash  to  suggest 
absolute  precision,  but  this  in  no  way  detracts  from  the  validity  or  from  the  value  of  the  assessment 
that  they  give  of  the  relative  properties  of  the  new  and  old  profiles  (Fig. 3b). 

Somehwat  similar  considerations  apply  in  other  ways  to  many  other  aspects.  Throughout  this  paper 
we  shall  be  emphasising  the  properties  of  the  new  profiles  relative  to  those  of  NACA  0012  rather  than 
any  absolute  properties. 

The  aerofoil  data  can  themselves  be  strongly  influenced  by  several  factors,  including  the  effects 
of  Reynolds  number,  of  the  position  of  boundary-layer  transition,  of  wind-tunnel  interference  and  so  on. 

The  mere  interpretation  of  what  constitutes  drag  divergence,  significant  effects  of  boundary-layer 
separation,  or  C.  even,  can  introduce  significant  differences  between  one  set  of  data  and  another. 

Thus  we  have  throughout  used  a  model  of  NACA  0012  as  a  reference  datum,  in  turn  in  our  steady 
aerofoil  teats^^ in  our  oscillatory  aerofoil  tests  and  in  our  f^ght  tests  (Fig. 22).  The  test  conditions 
for 'the  datum  profile  were  the  same  as  for  the  new  profile  in  each  class  of  test,  but  not,  unfortunately, 

the  same  from  one  class  to  the  other.  In  particular,  carborundum  bands  were  used  to  locate  transition  at 

the  leading-edge  for  the  steady  aerofoil  tests  but  not  for  most  of  the  flight  tests.  Similarly,  the 
configuration  of  tunnel  walls  used  for  the  unsteady  tests  was  different  from  that  used  for  the  steady 

tests.  There  were  particular  reasons  for  these  differences  at  the  time  that  the  testa  were  made,  but  now 

they  militate  against  direct  comparisons  for  any  one  profile  through  the  steady,  unsteady,  flight  sequence. 
On  the  other  hand,  and  as  a  result  of  these  differences,  we  have  observed  the  relative  behaviour  of  the 
new  profiles  with  respect  to  the  old  under  a  variety  of  conditions.  The  fact  that  this  relative  behaviour 
remains  consistent  adds  to  the  confidence  in  the  new  profiles.  Thi-<  is  especially  important  for  the 
effects  of  roughness  bands,  and  of  the  position  of  boundary-layer  transition,  because  real  uncertainty 
exists  as  to  what  particular  conditions  are  the  most  appropriate  for  full  scale.  Indeed,  it  seems 
possible  that  a  range  of  conditions,  and  hence  a  range  of  stall  severity,  might  be  encountered  on  any 
given  full-scale  rotor,  depending  for  example  on  altitude  or  on  whether  there  has  been  a  significant 
degree  of  erosion  at  the  leading  edge. 

For  present  purposes,  then,  we  shall  be  emphasising  the  properties  of  the  new  profiles  relative  to 
NACA  0012,  and  we  shall  be  using  our  own  data  for  the  latter  -  we  have  noted  from  time  to  time  that  sets 
of  data  from  different  sources  for  this  one  aerofoil  can  exhibit  differences  of  about  the  same  order  as 
those  due  to  the  profile  changes  that  we  are  here  concerned  with.  Two  new  profiles  are  referred  to  in 
this  paper,  namely  RAE(NPL)  9617  and  RAE(NPl)  96 15,  but  these  differ  only  in  minor  respects. 

6  ADVANCING  BLADE  LIMITS 

The  curves  of  Fig. 3b  indicate  that  the  Lynx  should  have  a  25  knot  advantage  in  forward  speed 
attributable  to  the  new  profiles.  Confidence  in  this  respect  runs  high  as  a  result  of  class  world  speed 
records  already  beaten  by  substantial  margins. 

The  increase  in  forward  speed  stems  from  a  delay  in  the  onset  of  shock-induced  boundary-layer 
separations  of  the  classical  type  for  the  low  angles  of  incidence  and  high  values  of  Mach  number 
appropriate  to  the  tip  of  the  advancing  blade. 

The  type  of  difference's  illustrated  by  the  schlieren  photographs  reproduced  in  Fig. 6.  They  were 
obtained  at  M  ■  0.85,  a  ■  0  ,  typical  of  conditions  at  about  0.95  radius,  90°  azimuth  angle  for  the 
Lynx  in  forward  flight  at  a  speed  just  a  little  in  excess  of  that  already  sustained  in  its  record-breaking 
runs.  For  the  RAE(NPI)  9617  profile  (Fig. 6a)  the  flow  has  just  separated  at  the  feet  of  the  shocks,  and  is 
in  a  state  that  would  probably  be  just  about  tolerable  in  the  pertinent  transient  conditions.  However,  for 
the  NACA  0012  profile  (Fig. 4b)  the  separation  is  quite  severe  and  would  almost  certainly  cause  intolerable 
consequences  -  pitching-moment  instabilities,  for  example,  for  small  changes  of  incidence. 

These  improvements  were  associated  with  a  reduction  in  the  level  of  local  supersonic  velocities 
upstream  of  the  shocks  which  in  turn  was  associated  with  a  reduction  in  thickness. 

This  is  indicated  straightforwardly  by  the  pressure  distributions  for  the  upper  surfaces  of  the  old 
and  the  new  profiles  (Fig. 5a).  The  supersonic  flow  accelerates  monotonically  and  in  a  very  similar  way 
for  both  profiles. 

The  fact  that  the  local  supersonic  velocities  are  everywhere  lower  for  the  new  profile  is  a  measure 
of  the  success  with  which  the  droop  has  been  incorporated.  The  prime  purpose  of  the  droop  is  to  delay  the 
retreating-blade  stcll  (see  below)  by  reducing  the  levels  of  velocity  near  the  upper-surface  leading  edge 
at  high  incidence.  In  doing  this,  though,  it  would  have  been  all  too  easy  to  have  introduced  high  local 
curvatures  and  hence  more  rapid  supersonic  accelerations  aft  of  the  leading  edge  at  low  incidence;  this 
pitfall  has  been  avoided. 

A  second  important  feature  of  the  shape  of  the  leading-edge  droop  is  illustrated  by  the  changes  near 
the  leading  edge  on  the  lower  surface  for  the  RAE(NFL)  9617  (NACA  0012  is  symmetrical,  of  course)  (Fig. 5b). 
The  new  leading  edge  successfully  generates  a  'peaky'  type  of  compression  from  the  high  level  of  velocity 
that  inevitably  grows  on  its  underside  during  the  excursions  to  zero  and  small  negative  incidences  by  the 
tip  sections  of  the  advancing  blade. 

7  THE  STRUCTURE  OF  LOCAL  REGIONS  OF  SUPERSONIC  FLOW 


The  contrast  in  Fig. 5  between  the  concurrent  monotonic  supersonic  expansion  on  the  upper  surface  and 
peaky  expansion/compression/expansion  on  the  lower  is  but  one  example  of  the  very  wide  range  of  local 
supersonic  flows  that  a  given  element  of  the  rotor  blade  can  generate  during  its  normal  operating  conditions. 
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The  question  of  supercritical  flow*  thu*  ha*  to  be  examined  in  a  light  that  ia  vary  diffarant  from 
that  appropriate  to  tha  design  of  profila  ahapa*  for  fixad  wing*.  For  tha  latter,  it  ia  poaaible  to  think 
in  term*  of  on*  particular  'daaign  condition',  to  apacify  margin*  of  uaabla  Mach  number  and  incidence 
beyond  it,  and  than  to  optimia*  shock-free,  peaky  or  I supercritical '  profile*  to  auit.  Although  thaae 
apacial  aerofoil*  call  ior  a  degree  of  sophistication  in  daaign,  tha  problem  of  dealing  with  tha  local 
auparaonic  flow  ia  particulariaed  to  a  narrow  rang*  of  condition*.  In  that  aenae  it  ia  aimpler  than  the 
corraaponding  problem  for  tha  profile*  of  helicopter  rotor*  where  the  excuraiona  into  local  auperaonic 
flow  give  riba  to  auch  a  variety  of  local  velocity  diatrlbutiona. 

A  further  important  difference  for  the  rotor  ia  that  it  become*  essential  to  conaider  the  cyclic 
changea  in  the  local  auperaonic  flow  in  term*  of  the  combined  and  limultaneou*  effect*  of  charging  Mach 
number  and  incidence. 

Pearcey  and  Osborne ^  introduced  a  qualitative  deacription  of  a  generaliaed  embedded  region  of 
auperaonic  flow  which  i*  uaeful  in  the  preaent  context  in  *o  far  aa  it  provide*  a  unifying  concept  for  the 
wide  rang*  of  condition*  that  ha*  to  be  covered. 

Conaider  the  auperaonic  flow  in  term*  of  the  flow  deflection  along  atrcamlines  (of  which  the  aurface 
ia  one)  and  of  the  two  familie*  of  characteriatica.  The  characteriatic*  carry  wave-like,  infiniteaimally 
email  diaturbancea  (Fig. 6a).  The  diaturbancea  on  the  outgoing  characteriatica  are  normally  expansive 
(acceleration*)  and  aaaociated  with  a  convex  deflection  (Fig. 6b).  Thoie  on  the  incoming  family  are  alway* 
compreaaive  (deceleration*),  but  alao  give  a  convex  deflection. 

The  total  convex  deflection,  6(x),  between  the  aonic  point  and  a  given  downstream  point,  x,  on 
the  seme  atreamline*  (the  aurface  aay)  i*  then: 


♦  (x)  -  E(x)  +  C(x) 


(1) 


where  E(x)  and  C(x)  are  reapectively  the  expensive  and  compreaaive  ditturbances,  e,  c,  integrated 
to  the  point  x. 

The  angular  meaaure,  <ii(x),  given  by: 


u(x)  -  E(x)  -  C(x) 


(2) 


represent*  the  net  acceleration  from  the  sonic  point.  Thi*  is  the  Prandtl-Meyer  angle  and  is  related 
uniquely  to  the  local  Mach  number  and  pressure  ratio: 


“(*)  -  fW^) 


(3) 


The  local  auperaonic  flowa  that  are  implicit  in  the  aurface  prenure  shown  in  Fig. 5  are  reproduced 
in  Fig. 7  a*  the  graphical  representativea  of  equation  (2).  Table  1  includes  an  analysis  of  the  manner  in 
which  tha  turning  angle  from  the  forward  sonic  point  to  the  shock  ia  divided  between  the  cumulative 
expansive  and  compressive  disturbances.  Also  shown  are  the  residual  values  of  the  net  accelerations, 
u(x^),  and  the  values  of  local  Mach  mahers,  M^,  that  these  accelerations  represent  at  the  position  of 
the  shock. 


Table  I 


Analysis  of  local  super  tonic  flowa  for  H  •  0.85,  a  ■  0° 
(see  Figs. 5  and  7) 


♦  (xT) 

E(xt) 

C(xT) 

E/C 

w(x^) 

MCA  0012  (upper  surface) 

18.7° 

12.8° 

5.9° 

2.2 

6.9° 

1.33 

BAE(IPL)  9617  (upper  aurface) 

16.1° 

10.4° 

4.7° 

2.2 

5.7° 

1 .28 

■AE(IPL)  9617  (lower  surface) 

28.0° 

16.7° 

11.3° 

1.5 

5.4° 

1 .27 

This  analyais  confirms  that  the  region*  of  local  super  ’jnic  flow  were  similar  in  structure  on  the  two 
upper  surface*.  In  particular,  the  ratio  of  expanaive  disturbances  to  compressive,  E/C,  remained  the 
same.  The  small  but  crucial  reduction  in  the  value  of  local  Mach  number  at  the  shock  for  the  new  profile 
can  thus  be  attributed  directly  to  the  more  rearward  location  of  the  forward  sonic  point  in  this  instance. 

For  the  lower  surface,  though,  the  increased  compressive  effect  that  is  characteristic  of  peaky  flows 
ia  clearly  indicated.  The  velocities  became  supersonic  on  the  under  side  of  the  droop  and  so  a  larger 
supersonic  turning  angle  had  to  be  achieved.  The  extra  compressive  effect  enabled  this  to  be  done  without 
increase  in  shock  strength.  (It  ia  of  interest  to  note  in  passing  that  the  ratio  of  cumulative  expansion 
to  compression,  E/C,  had  been  reduced  from  2.2  to  1.5.  The  value  of  this  ratio  is  1.0  for  the  ideal, 
shock-free  case.  For  the  chordwiie  point  P,  the  ratio  is  as  low  as  1.2,  indicating  that  the  peaky  flow 
would  have  had  ita  greatest  influence  at  somewhat  lower  stream  Mach  numbers  when  the  shock  was  located 
in  the  region  of  P.) 
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RE  TREAT  INC -BIADE  LIMITS 
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The  so-called  natural  aerodynamic  limlta  for  the  Lynx  rotor  plotted  in  Fig. 3b  indicate  that  the 
rotor  thruat  available  at  forward  apaada  near  the  maximum  includea  an  increment  of  about  IOX  attributable 
to  the  new  profilea.  The  thruat  limit  ia  aaaociated  with  a  atall  near  the  tips  of  the  retreating  blade. 

The  corraaponding  limit  for  the  Weaaex  III  helicopter  ia  ahovn  in  Fig. 8.  The  line  has  been 
estimated  from  aerofoil  tests  on  the  NACA  0012  profile  (used  for  this  rotor)  on  the  basis  of  the  criteria 
for  the  onset  of  severe  effects  of  separation  indicated  in  Fig. 2a.  The  filled  symbols  are  values  of 
established  in  clearance  tests  and  based  on  the  oscillatory  build  up  in  pitch-link  loads. 

During  the  derivation  of  the  new  profiles,  we  studied  these  Wessex  retreating-blade  limits  in  order 
to  trace  the  basic  origins  of  the  flow  breakdown  that  is  involved  and  the  nature  of  its  profile  dependence. 

We  considered  the  conditions  indicated  by  the  symbol  A,  which  would  correspond  to  an  increment  in 
speed  of  12  knots  over  and  above  VNg  at  a  given  all-up  weight.  Westlands  calculated  for  us  the  values 
of  (M,a)  that  would  have  been  attained  at  local  elements  of  the  blade  had  it  been  possible  to  fly  at  such 
a  condition  and  assuming  for  the  purpose  of  the  calculations  that  the  flow  remained  unstalled  on  the  blade. 
The  locus  of  (M,a)  values  that  would  have  been  traced  out  in  each  revolution  by  the  blade  element  at 
0.93  radius  is  shown  in  the  centre  diagram  of  Fig. 9  as  the  heavy,  figure-of-eight  line.  All  the  other 
results  reproduced  in  Fig. 9  were  obtained  on  the  NACA  0012  profile  but  in  steady-flow  aerofoil  tests.  They 
therefore  represent  only  simulated  flow  conditions  for  the  real  rotor,  but  nevertheless  present  a  valid 
qualitative  picture  of  how  the  limiting  conditions  develop  on  each  cycle  (and,  incidentally,  several  other 
features  pertinent  to  the  profile-dependence,  as  we  shall  discuss  later). 

The  aerofoil  results  include,  on  the  centre  diagram  and  superimposed  on  the  (M,o)  locus  for  the 

rotor,  the  successive  boundaries  beyond  which:  (a)  the  flow  is  supercritical,  (b)  the  rapid  shock-wave 

drag  rise  is  encountered  and,  finally,  (c)  the  effects  of  separated  flow  become  severe  (C  ). 

l  max 

The  numbers  on  the  locus  for  the  rotor  indicate  specific  azimuthal  positions;  the  appropriate  steady- 
flow  surface  pressures  are  shown  in  the  peripheral  diagrams.  It  is  immediately  clear  that  the  element  at 
0.93  radius  would  be  encountering  stalling  conditions  for  azimuth  angles  between  about  240°  and  340°  (the 
precise  range  will  depend  on  dynamic  effects,  for  example).  The  inference  iB  then  also  fairly  clear  that 
this  was  the  basic  source  of  the  thrust  limit  on  the  Wessex  rotor. 

Two  further  important  points  relevant  to  this  limit  stand  out  from  Fig. 9.  These  are:  (a)  that  the 
flow  is  locally  aupersonic  over  a  greater  or  lesser  portion  of  the  upper  surface  for  the  whole  cycle,  and 
(b)  that  the  development  of  the  stall  and  the  subsequent  reattachment  are  both  shock-wave  dependent  and 
cannot  be  properly  understood  without  considering  the  combined  effects  of  incidence  and  Mach  number  as 
they  vary  simultaneously  around  the  azimuth. 

In  approaching  the  critical  point  6  (p  «  237°,  M  -  0.4,  a  -  10.6°),  the  effects  of  increasing 
incidence  outweigh  those  of  decreasing  Mach  number;  the  magnitude  of  the  local  supersonic  Mach  numbers  at 
the  leading  edge  continue  to  build  up  to  values  in  excess  of  1.4,  although  the  upstream  Mach  number  normal 
to  the  blade  has  fallen  to  0.4.  It  is  the  shock-induced  separation  associated  with  these  high  local  Mach 
numbers  that  triggers  the  stall  and  the  subsequent  collapse  in  the  peak  suction  indicated  at  point  7 
(*  -  303°,  M  -  0.4,  a  -  12.6°). 

The  reattachment  process  is  influenced  and  delayed  by  the  adverse  effect  of  increasing  Mach  number, 
and  a  substantial  reduction  in  incidence  is  necessary  -  to  a  value  of  8.2°  at  M  -  0.55  (point  9)  -  before 
an  attached  flow  is  again  possible,  with  now  a  more  extensive  region  of  local  supersonic  flow.  We  will 
return  in  a  moment  to  e  fuller  interpretation  of  the  basic  pbenuuenun,  its  profile  dependence  and  other 
features. 

In  the  meantime,  it  is  helpful  to  refer  to  Fig.  10  which  corresponds  exactly  to  Fig. 9  except  that  the 
experimental  reaults  are  now  for  the  new  RAE(NPL)  9615  profile.  This  profile  would  just  have  approached 
the  suliiwg  phenomenon  just  described  **  the  mos  t  severs  ■cxid-Utcm.  n  the  terp  vy  p*  Ui+  7 

The  surface  pressures  of  Fig, 10  indicate  that  the  leading-edge  supersonic  flow  would  not  have  collapsed 
and  the  schlieren  photographs  of  Fig. 1 1  demonstrate  the  absence  of  the  gross  separation  exhibited  by  the 
NACA  0012  profile  for  conditions  corresponding  to  point  7. 

This  comparison  highlights  the  fact  that  the  trigger  for  the  stall  with  the  NACA  0012  profile  wa9  a 
local  shock-induced  separation  in  the  first  few  per  cent  of  the  chord.  This  feature  is  seen  in  perspective 
against  the  results  for  the  new  profile  for  which  the  local  supersonic  flow  is  clearly  present,  with  the 
maximum  total  K*eh  number  just  toothing  the  ctitlt al  level*  above  1 .1.  true,  the  eiroedded  wupewrmf* 
region  and  the  associated  shock  are  tiny  by  companron  with  those  in  the  more  classical  transonic  flows, 
but  nevertheless  the  local  shock-induced  separation  remains  the  trigger  for  the  stall.  Furthermore,  the 
key  to  delaying  the  stall  lies  in  reducing  the  rate  at  which  the  local  supersonic  velocities  develop  at 
the  leading  edge  of  the  profile  (see  below) . 

A  detailed  interpretation  of  this  type  of  stall  was  presented  in  Ref. 7.  This  emphasised  how,  for 
such  conditions  on  this  type  of  aerofoil,  the  stalling  process  involves  an  interaction  between:  (J.)  a 
shock-induced  sepsration  which  is  provoked  at  the  leaJing  edge  as  the  local  supersonic  velocities  develop 
with  incidence  and/or  Mach  number,  and  (ii)  a  subsonic-type,  rear  sepsration  which  had  already  been  growing 
from  the  trailing  edge  (Fig. 12).  The  shock-induced  separation,  by  thickening  the  upstream  bounds  ry  layer, 
accelerates  the  growth  of  the  rear  separation,  and,  at  a  critical  point  of  'bubble  burst',  trigg< rs  a 
sudden  forward  jump  of  the  test  separation,  the  two  separated  regions  link  in  this  proeeee.  As  the 
stalling  continues,  the  locsl  supersonic  flow  at  the  leading  edge  collapses. 

The  results  for  point  7  in  Figs. 9,  10  snd  II  thus  show  one  example  in  which  the  stall  has  occurred 
(the  old  profile)  and  one  (the  new  profile)  in  which  the  level  of  local  supersonic  velocity,  and  hence 
Shock  Strength,  ere  Only  jull  touching  the  levels  that  will  trigger  the  Stall.  The  ilbpto/effieni  ...  achieved 
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by  the  leading-edge  droop  which  auitably  dalayad  tha  development  of  tha  local  supersonic  flew  for  this 
condition.  Tha  typa  of  atall  juat  daacribod  ia  thua  dominated  by  tha  interplay  between  the  ehock-induced 

phenomena  at  the  leading  edge  and  tha  subsonic,  rear  aeparation.  Thie  hold*  for  a  range  of  Mach  numbers 

including  thoaa  appropriate  to  hover  (see  below). 

One  of  the  principal  dims  in  deriving  the  new  profiles,  bearing  in  mind  that  they  were  to  be  used 
directly  on  the  Lynx,  was  to  retain  the  same  balance  between  the  local  leading-edge  and  trailing-edge  flows 

as  pertains  for  the  NACA  0012  profile.  He  felt  that  this  was  the  best  way  of  ensuring  that  the  stall  in 

the  three-dimensional,  time-dependent  environment  of  the  rotor  would  not  develop  vices  which  were  different 
in  nature  from  those  of  the  much-used  HACA  0012  profile  and  which  night  as  a  result  nullify  the  gains 
shown  by  tha  nev  profile  in  two-dimensional  steady  flow.  This  again  is  a  point  to  which  we  shall  return. 

The  stalling  phenomenon  for  point  7  of  Fig. 9  was  in  the  present  context  the  most  critical  of  the 
various  and  varied  repercussions  of  the  supersonic  flow  that  grows  and  decays  during  each  revolution  of 
tha  rotor  blade  for  conditions  represented  by  Figs. 9  and  10. 

The  processes  of  growth  and  decay  can  perhaps  be  better  seen  in  their  broad  perspective  in  Figs. 13 

and  U  in  which  the  phenomena  are  represented  with  asimuth  angle  as  a  continuous  variable  on  the  abscissa. 

It  is,  however,  important  to  retain  clearly  in  mind  in  what  follows  that  this  presentation  of  a  sequence  of 
steady  flow  results  is  only  a  qualitative  simulation  of  the  continuous  cyclic  changes  on  a  real  rotor. 

The  ordinate  in  the  main  diagram  is  the  surface  slope,  and  reductions  from  90°  (up  the  page)  repre¬ 
sent  surface  flow  deflections  from  the  leading  edge;  these  diagrams  show  the  degree  of  convex  turning, 

E  ♦  C  (see  equation  (I)),  from  the  forward  sonic  point  (lower  line)  to  the  rear  one  or,  more  usually,  to 
the  terminating  shock  wave  (upper  line) .  The  ordinate  in  the  upper  diagrams  is  the  residual  Prandtl-Meyer 

angle  (E  -  C)  at  the  end  of  the  supersonic  region  and  therefore  a  measure  of  the  shock  strength  (see 

equations  (2)  and  (3)).  An  indication  of  where  the  shocks  cause,  first,  significant  wave  drag  and,  then, 
separation,  is  given  by  the  hatching  below  the  abscissae  of  the  upper  diagrams.  The  results  are  suanarised 
in  Table  2  which  includes  also  the  analysis  of  how  much  of  convex  turning  in  the  local  supersonic  flow  is 
achieved  by  expansive  disturbances  and  how  ouch  by  compressive  ones. 

It  is  instructive  to  consider  first  the  results  for  the  new  profile  (Fig. 13)  because  these  are 

unaffected  by  stall;  the  growth  and  decay  of  the  local  supersonic  flow  reflect  the  more  straightforward 

consequences  of  the  combined  and  simultaneous  variations  of  incidence  and  Mach  number,  with  the  flow 
remaining  attached  throughout  the  cycle. 

It  is  first  of  all  noteworthy  that  there  are  now,  in  contrast  to  the  NACA  0012  profile,  two  parts  of 
the  cycle  (30°  to  65°  and  165°  to  210°)  for  which  the  flow  is  entirely  subsonic.  The  azimuthal  regions  of 
supersonic  flow  thus  appear  as  finite  loops. 

The  smaller  loop  (65°  to  165°),  for  the  advancing  blade  and  embracing  points  3  and  A  of  Fig. 10, 

represents  the  classical  local  supersonic  regions  that  occur  away  from  the  leading  edge,  from  about  5X  of 

the  chord  onwards  say,  and  that  were  illustrated  in  Fig. 5.  For  that  case,  the  shock  that  developed  had 
severe  consequences.  For  the  present  case  the  shock  waves  are  relatively  innocuous. 

The  larger  loop  (210°  to  35°),  and  embracing  points  6,  7,  8,  9  and  1  of  Fig. 10,  represents  super¬ 
sonic  flows  that  grow  from  points  very  close  to  the  leading  edge  and  includes  those  that  are  critical  for 
the  retreating  blade. 

In  particular,  by  poin"  7,  p  -  303°,  the  forward  sonic  point  has  moved  to  a  position  that  is 
within  10°  in  angular  coordinate  of  the  leading  edge  (the  stagnation  point  is  of  course  on  the  lower 
surface  and  significantly  further  in  angrlar  coordinate  from  the  sonic  point).  For  this  case  (see  Table  2) 
the  local  supersonic  flow  turns  through  a  convex  angle  of  39°  at  the  surface,  24.8°  of  this  being  achieved 
on  expansive  disturbances  and  14.2°  on  compressive  ones.  For  the  residual  Prandtl-Meyer  angle  of  10.6°, 
representing  a  local  Mach  nixnber  of  1.46,  the  separation  at  the  shock  just,  but  only  just,  touched  the 
critical  value  that  would  trigger  stall. 

From  point  7  onwards,  through  8  and  9,  the  forward  sonic  point  moves  away  from  the  immediate 
leading  edge  as  the  incidence  is  reduced.  The  shock  moves  rearward  though,  as  a  result  of  the  increasing 
Mach  number,  and  the  supersonic  turning  angles  sre  even  higher  than  before,  reaching  38°  and  54°, 
respectively.  In  spite  of  these  large  turning  angles,  the  residual  Prandtl-Meyer  angles  remain  at  9°  and 
8°,  respectively,  and  are  thus  significantly  further  from  the  values  that  would  provoke  critical  shock- 
induced  separations.  The  fact  that  the  residual  angles  are  such  s  small  proportion  of  the  total  turning 
angles  reflects  the  fact  that  the  latter  are  now  more  evenly  divided  between  expansive  and  compressive 
effects.  This  in  turn  reflects  the  degree  to  which  the  developamnt  of  the  local  supersonic  flow  has  been 
kept  under  control  by  the  judicious  balancing  of  local  expansive  and  compressive  disturbances. 

The  differences  between  this  profile  and  the  NACA  0012  can  now  be  studied  by  reference  to  Fig. 14 
and  Table  2. 

The  band  of  supersonic  flow  is  continuous  with  asimuth  angle  for  NACA  0012;  and  the  element  of  the 
rotor  that  is  under  study,  namely  0.93  radius,  is  in  drag  rise  for  nearly  all  of  the  cycle  and  in  shock- 
induced  stall  for  a  vital  part. 

We  are  now  in  a  position  to  appreciate  more  clearly  how  this  stall  develops  and  how  reattachment 
occurs . 


The  conditions  critical  for  shock-induced  stall  are  just  reached  at  po£nt  6  (p  -  237°),  when  the 
supersonic  turning  angle  is  37.5°.  The  residual  Prandtl-Meyer^^pgle  is  11.1  (local  Mach  number  1.47),  the 
expansive  turning  being  24.3°  and  the  compressive  turning  13.2°  . 

*  Incidentally,  the  chordwise  scale  at  the  left  of  the  upper  diagram  indicates  that  all  these  developments 
occur  within  the  first  IZ  of  the  chord. 
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lb*  fact  that  tha  extant  of  local  auparaonic  flow  la  laaa  than  for  the  new  profile  for  a  range  of 
atiauth  angle  of  about  1 10°  fro*  thia  point  on  merely  raf lecta  the  fact  that  the  flow  ia  now  stalled,  with 
a  aevere  loaa  of  circulation  and  a  degree  of  'collapae'  of  the  local  eupereonic  flew.  Thia,  too,  ia  the 
only  significance  of  the  fact  that  the  reaidual  Prandtl-Meyer  anglea  are  smaller  and  the  ahock  wavea 
weaker.  To  the  extent  that  typea  of  aeparation  can  be  neatly  claaaified,  thia  one  has  degenerated  into 
sowe  hybrid  for*  which  ia  not  a  clear  ahock-induced  one,  nor  a  clear  aubaonic  one.  It  occure  near  the 
leading  edge  but  ia  thare  aa  a  reault  of  the  rear  aeparation  having  aoved  forward  rather  than  of  a one 
apecific  adverae  prcaaure  gradient  at  the  leading  edge.  The  trigger  for  the  degeneration  waa  however  the 
critical  ahock-induced  phenoMna  preaent  at  point  6. 

The  change  that  occure  between  pointa  8  and  9,  i.e.  between  6  ■  340°  and  353°,  ia  of  conaiderable 
interaat  becauae  it  includea  a  regrowth  of  the  fully  developed  auperaonic  flow  at  the  leading  edge  and 
therefore  repreaenta  a one  fora  of  reattachaent;  it  marks  the  end  of  the  fully  atalled  region. 

At  point  9,  the  flow  ia  atill  separated  locally  at  the  ahock,  but  the  severity  of  this  aeparation  ia 
only  just  touching  the  liait  beyond  which  the  overall  circulation  would  be  affected  significantly.  In 
other  words,  an  overell  flow  is  now  just  possible  in  which  the  local  supersonic  flow  is  fully  attached  at 
the  leading  edge  and  in  which  circulation  is  increased  again  to  the  pre-stall  value  appropriate  to  thia 
stream  Mach  number. 

Again,  aa  in  the  development  of  the  stall,  it  ia  the  simultaneous  variation  of  incidence  and  Mach 
number  and  their  combined  effects  that  dominate  the  'reattachment'  procesa.  In  particular,  because  the 
effects  of  increasing  Mach  number  are  strongly  adverae,  attached  flow  is  not  possible  until  the  incidence 
has  been  reduced  to  8.2°  (Fig. 9). 

This  ia  an  important  point  at  which  to  stress  again,  and  strongly,  that  the  results  that  we  have  been 
considering  were  obtained  under  steady  conditions.  The  repreaentation  against  azimuth  angle  can  only  be  a 
qualitative  simulation  of  the  cyclic  changes  that  will  occur  on  the  rotor  blade.  The  real  flows  will 
probably  differ  from  these  in  the  precise  stage  for  which  the  separation  occurs,  and  in  how  the  stall 
develops.  They  will  almost  certainly  differ  in  the  manner  in  which  the  reattachment  occurs.  But,  never¬ 
theless,  it  is  inescapable  that  the  manner  of  stalling  and  reattachment  will  be  dominated  by  the 
simultaneous  variations  of  incidence  and  Mach  number,  and  almost  carlain  that  they  will  in  sow  way  be 
triggered  by  developments  which  occur  in  the  local  regions  of  supersonic  flow  and  which  are  qualitatively 
similar  to  those  indicated  in  Figs. 12  and  13  -  by  the  movement  of  the  sonic  point  and  by  changes  in  the 
degree  of  supersonic  turning,  for  instance.  It  is  in  these  respects  that  the  dependence  on  profile  shape 
is  most  likely  to  retain  its  significance  in  the  real  rotor  environment. 

The  most  relevant  advantage  of  the  new  profiles  for  this  example  can  now  be  seen  to  be  the  delay  in 
the  growth  of  the  leading-edge  supersonic  flow  in  the  third  and  fourth  quadrants.  As  a  consequence  of  this 
delay,  stall  is  avoided  on  the  new  profile  and  the  embedded  supersonic  flow  continues  to  develop  nsturally 
and  then  to  decay  again  naturally.  Furthermore,  the  development  remains  fairly  well  controlled  in  so  far 
as  an  effective  balance  is  retained  between  expansive  and  compressive  disturbances. 

9  OSCILLATORY  AEROFOIL  TESTS 

g 

Moore,  Lambourne  and  Woodgate  have  checked  the  properties  of  the  RAE(NPL)  9615  profile  relative  to 
that  of  the  NACA  0012  with  respect  to  susceptibility  to  stall  flutter. 

Their  experiment  defined  regions  of  the  (M,a)  plane  in  which  the  aerodynamic  damping  is  negative 
for  pitching  oscillations.  Representative  examples  of  their  results  are  reproduced  in  Figs. 15  and  16  to 
illustrate  their  principal  conclusion.  This  was  that  the  relative  properties  of  the  two  profiles  were  the 
same  in  oscillatory  flow  as  in  steady  flow,  and  therefore  that  the  improvements  that  the  new  profile  offers 
in  terms  of  delayed  stall  (e.g.  CL  max)  car.  be  used  on  the  rotor  without  an  increased  propensity  to  stall 
flutter.  Thus,  in  Fig. 15,  the  regions  of  negative  aerodynamic  damping  are  displaced  up  the  page  for  the 
new  profile  by  approximately  the  same  amount  as  are  the  curves  which  give  the  incidence  for  C.  in 

steady  flew*.  L  m,x 

The  same  relative  shifts  were  observed  in  the  presence  of  leading-edge  carborundimi  bands  (Fig. 16). 

It  is  noteworthy  that,  in  this  case,  the  areas  of  negative  damping  are  extended  very  significantly.  The 
carborundum  bands  were  similar  to  those  used  for  the  steady  tests  and  are  not  unrepresentative  of  leading- 
edge  roughness  sometimes  encountered  in  flight.  Again,  therefore,  confidence  is  increased  that  the 
relative  properties. of  the  two  profiles  will  remain  similar  for  a  wide  range  of  conditions  pertinent  to  the 
full-scale  rotor  in  operation,  including  conditions  that  can  be  highly  unfavourable  to  the  performance  of 
the  blades. 

This  would  seem  to  support  the  argument,  used  earlier,  that  if  the  basic  nature  of  the  stall  on  the 
new  profiles  was  the  same  in  steady  flow  as  for  the  well-used  NACA  0012,  then  the  new  profile  would  not 
be  more  susceptible  to  vices  in  the  real  environment  than  is  NACA  0012. 

We  are  fortunate  to  be  able  to  use  some  more  recent  results  of  Lambourne  and  his  colleagues  -  and  are 
indebted  to  them  -  to  illustrate  how  certain  importent  aspects  of  the  general  way  in  which  the  aerofoils 
stall  in  steady  flow  carry  over  to  unsteady  flow. 

Thua  Figs. 17  and  18  show  measurements  of  surface  presaure  obtained  at  0.95  chord  on  the  upper  surface 
of  the  NACA  0012  aerofoil  for  a  stream  Mach  number  of  0.4. 

The  first  (Fig. 17)  shows  the  variation  with  increasing  incidence  in  steady  flow.  The  slow  fall  in 
pressure  (up  the  page)  that  starts  at  about  8°  indicates  the  presence  and  the  progressive  developMnt 

*  Individual  curves  for  the  steady  aerofoil  tests  cannot  be  compared  with  those  given  in  the  other  sections 
of  this  paper  because  the  tunnel-wall  configurations  (e.g.  number  of  slots)  were  different.  We  rely  on 
directly  obtained  comparisons  between  steady  flow  and  unsteady  flow,  and  between  one  profile  and  the 
other  for  both  steady  and  unsteady  flow. 
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of  tbo  subsonic,  rosr  sspsrstion  to  which  referenca  wss  asds  ssrlior.  The  abrupt  divergence  for  12° 
onwards  reflects  the  sudden  jiap  forward  that  is  triggered  by  the  development  of  the  shock-induced 
phenomena  at  the  landing  edge. 

The  horiaontel  arrows  A  and  B  below  the  curve  indicate  the  sinusoidal  excursions  in  incidence  for 
which  unsteady  aeasureaMnts  are  shown  in  Fig. 18a  and  b,  respectively.  In  the  first  set  of  these  (Fig.lSe) 
the  oscillatory  excursions  took  the  incidence  to  12.6°.  In  steady  flow  this  would  have  bean  just  on  the 
point  of  abrupt  divergence,  or  stall.  In  oscillatory  flow,  the  pressures  vary  periodically  in  a  regular 
aanner  which  suggests  that  the  flow  remains  in  the  essentially  unstalled  regime,  with  the  rear  separation 
fluctuating  regularly  but  relatively  mildly  in  severity. 

For  the  case  shown  in  Fig. 18b,  the  oscillatory  excursions  took  the  incidence  to  13.1°,  now  about  1° 
beyond  the  point  of  abrupt  divsrgence  for  steady  flow.  The  periodic  variations  now  also  show  an  abrupt 
break  from  the  smooth  variation;  the  fluctuations  beyond  this  point  indicate  the  marked  degree  of 
irregularity  expected  of  stalled  flow. 

Two  inferences  link  these  results  both  with  the  measurements  in  staady  flow  and  with  the  flight 
measureMnts  to  be  described  later.  Firstly,  the  concept  of  trailing-edge  divergence  can  be  carried  over 
to  oscillatory  flow  and,  for  the  type  of  stall  under  consideration  at  least,  it  will  indicate  clearly  the 
critical  atage  in  the  development  of  the  stall.  Secondly,  on  the  profiles  with  which  we  are  dealing,  the 
same  basic  natura  of  the  stall  is  retained  in  steady  and  oscillatory  aerofoil  tests  and  in  flight;  the 
sudden,  leading-edge  triggered,  'blow-up'  of  an  already  developing  near  sspsrstion  is  present  in  all  three 
cases. 

10  BLADE  TIPS  AT  HOVER 

The  new  profiles  delay  the  onset  of  shock-wave  drag  rise  for  Mach  numbers  appropriate  to  stations 
near  the  tip  in  hover.  Fig. 19  gives  fcome  typical  results  from  the  steady  aerofoil  tests.  The  improvement 
of  about  0.1  in  for  a  given  level  of  drag  corresponds  to  an  increase  of  about  12  to  I5Z  in  the  degree 
to  which  the  blades  can  be  loaded  for  a  given  power.  This  is  p*-'sps  not  spectacular,  and  not  as  large  as 
could  be  achieved  by  a  peaky  section  designed  specifically  for  this  purpose  at  the  cost  of  penalties  at 
other  conditions;  but  it  is  in  keeping  with  the  other  results  illustrated  so  far  and  with  the  objective  of 
achieving  consistent  and  significant  all-round  improvements. 

The  surface  pressure  distributions  plotted  in  Fig. 20a  and  b  illustrate  that  the  local  supersonic 
flow  now  develops  over  the  first  10  to  202  of  the  upper  surface.  The  developments  on  the  uew  profile 
(Fig. 20a)  are  similar  to  those  on  NACA  0012  (Fig. 20b)  but  are  delayed  by  about  1°  in  incidence  and  are  less 
severe  at  corresponding  incidences.  This  is  reflected  in  the  schlieren  photographs  reproduced  in  Fig. 21. 

The  surface  pressures  illustrate  also  how  the  separated  flows  develop  at  the  higher  incidences  and 
hint  at  the  nature  of  the  stall.  In  the  light  of  what  has  since  been  revealed  by  flight  tests  (ass  below) 
we  regret  that  the  aerofoil  tests  were  not  taken  further  into  the  stall. 

Consider  first  the  results  for  the  NACA  0012  profile.  The  bulge  B  in  the  pressure  distribution  for 
7°  incidence  indicates  the  characteristic  bubble  growth  for  a  localised  shock-induced  separation.  The 
manner  in  which  this  exacerbates  the  rear  separation  is  indicated  by  the  increasing  amount  by  which  the 
pressures  near  the  trailing  edge  depart  from  the  low  incidence  values,  i.e.  by  the  divergence  of  trailing- 
pressure.  This  is  just  about  detectable  at  R  for  7°  and  quite  pronounced  by  8°.  By  this  latter  stage, 
too,  the  'stalling'  procsss  has  begun  in  which  the  local  supersonic  flow  collapses  under  the  influence  of 
the  interacting  shock-induced  and  rear  separations. 

For  the  RAE(NPL)  9615  profile,  the  bubble,  B,  is  not  evident  until  the  incidence  reaches  8°,  the 
limit  of  these  tests.  The  effect  on  the  trailing-edge  pressures  and  the  subsequent  developments  can 
therefore  only  be  inferred. 

1 1  FLIGHT  TESTS 

These  were  made  on  s  Wessex  helicopter  with  a  psir  of  its  opposing  blades  carrying  fairings,  or 
gloves,  over  the  outer  I2Z  of  their  lengths  (Fig. 22).  Both  gloves  were  built  up  from  the  basic  blade  with 
balsa  wood  and  glass  fibre,  one  to  represent  the  new,  RAE(NPL)  9615  profile,  and  the  other  to  reproduce 
the  basic  NACA  0012  profile  at  the  increased  chord.  Both  gloves  incorporated  pressure  tubes  for  the 
measurement  of  time-average  pressures  and  both  carried  rakes  for  time-average  wake  surveys.  This  technique 
was  chosen  to  enable  the  relative  properties  of  the  two  sections  to  be  assessed  simultaneously  for  the  same 
test  conditions  and  the  varne  three-dimensional,  time-dependent  environamnt.  It  was  felt  that  the  time¬ 
averaging  would  be  adequate  for  this  purpose  for  hovering  flight,  and  indeed  the  sample  results  shown  in 
Fig. 23  reveal  the  expected  delay  in  the  acceleration  to  local  supersonic  velocitiss  ot  the  new  profile 
(Fig. 23a);  for  more  severe  conditions  (Fig. 23b),  the  expected  reduction  in  the  level  of  local  supersonic 
flow  is  demonstrated  with  the  associated  reduction  in  shock-wave  drag  -  as  indicated  by  the  reduced  spread 
of  pitot-pressure  loss  in  the  wake. 

During  the  development  of  the  gloves  and  their  instrumentation,  ths  opportunity  arose  to  incorporate, 
in  the  glove  with  the  RAE(NPL)  9615  profile,  four  miniature  pressure  transducers  to  monitor  instantaneous 
pressures  or  pressure  differences  at  selected  chordwise  positions.  The  prime  intentions  were  to  evaluate 
these  transducers  for  the  more  extensive  measurements  of  instantaneous  pressure  currently  being  prepared 
for  flight  tests  on  the  same  blades  and  to  investigate  possible  nasns  of  indicating  local  aerodynamic 
incidence  and  flow  separation.  In  the  event,  the  instantaneous  pressures  have  helped  conaiderably  in 
several  ways.  With  the  aid  of  a  theoretical  conceptual  model  of  the  blade-tip/vortex  intersection  they 
expose  the  nature  of  the  environment  to  which  the  profiles  were  being  exposed;  there  were  in  fact  large 
periodic  fluctuations  in  local  incidence  (see  Fig. 29).  With  the  aid  of  the  conceptual  model  of  flow 
separation  derived  from  the  aerofoil  tests  they  indicate  the  manner  in  which  the  new  profile  reacted  to 
this  environment;  the  onset  of  stall  as  diagnosed  by  trailing-edge  pressure  divergence  correlated  well 
with  the  level  of  supersonic  velocity  near  the  leading  adge  (Fig. 26). 
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A  full  report  of  these  technique!  end  teste  if  in  preparation  but  it  is  opportune  to  include  here 
a  brief,  preliminary  explanation  of  the  three-dimensional,  periodic  environment  created  by  the  rotor  and 
t  offer  some  tentative  descriptions  of  the  resulting  flow  phenomena. 

The  high  loadings  near  the  tip  are  associated  with  the  incidences  induced  by  the  vortices  of 
preceding  blades,  and  our  measurements,  from  0.90  to  0.96r/R,  were  made  near  the  crest  of  a  strong  radial 
peak  (Fig. 27).  This  is  the  clue  to  understanding  not  only  the  highly  three-dimensional  character  of  the 
environment  to  which  the  profiles  were  being  exposed  (there  were  strong  radial  gradients  in  loading  as 
well  as  in  Mach  number*,  even  within  the  span  of  the  pressure  measuring  stations)  but  also  the  large 
periodic  fluctuations  (the  magnitude  of  the  instantaneous  loading  at  any  given  radial  station  was  sensitive 
to  small  displacements  of  the  vortex  wake). 

Simple  considerations  indicate  that  the  vortex  wake  can  be  .significantly  skewed  by  quite  small 
translational  velocities  of  the  vehicle  relative  to  the  wind,  which  are  inevitable  even  for  carefully 
controlled  'hover'  conditions.  This  means  that  there  is  a  periodic  lateral  displacement  of  the  measuring 
station  on  a  given  blade  with  respect  to  the  vortex  from  the  preceding  blade,  or,  alternatively,  that  the 
vortex  is  displaced  periodically  with  respect  to  the  measuring  station.  Fig. 28  indicates  the  pattern  of 
the  variations  in  incidence  that  would  be  expected  from  a  highly  simplified  model  of  this  situation.  The 
readings  of  the  instantaneous  pressures  near  the  leading  edge  reflect  these  variations  (Figs. 24a  and  25a) 
and  indicate  that  they  are  indeed  quite  large. 

The  absolute  scale  of  incidence  should  be  treated  with  some  caution;  it  has  been  derived  from  a 
linear  calibration  obtained  in  steady  aerofoil  tests  which  applies  only  up  to  the  stall  and  may  not  hold 
for  a  blade/vortex  interaction.  Nevertheless,  it  is  adequate  as  a  guide  to  the  range  of  incidence  in  a 
typical  cyclic  variation.  Reference  to  Fig. 20a  shows  that  this  range  (approximately  5°  to  10  )  is  highly 
significant  in  relation  to  that  in  which  the  local  supersonic  flow  develops.  Depending  on  the  level  of 
the  mean  values,  the  periodic  variations  are  likely  to  take  the  local  flow  into  and  out  of  regions  of 
supersonic  velocity  and  drag  rise,  and  even  into  and  out  of  shock-induced  stall. 

This  is  confirmed  by  the  appearance  of  the  tell-tale  sudden  fall  in  trail ing-edge  pressure  (trailing- 

edge  pressure  divergence9),  as  indicated  by  the  'blips'  at  P  and  Q,  for  example,  in  Fig. 25b;  this  is  a 

trace  of  the  pressure  difference  between  the  two  surfaces  at  0.94  chord.  This  divergence  is  also  clearly 
indicated  at  B  in  Fig. 24c  and  marginally  at  A.  Analysis  of  several  traces  (Fig. 26)  shows  that  the 
trailing-edge  pressure  divergence  appears  for  conditions  in  which  the  peak  incidence  (or  leading-edge 
pressure  difference)  exceeds  a  certain  critical  value.  As  might  be  expected,  this  critical  value  is 
higher  for  the  transition  free  results  than  for  the  transition  fixed  ones**.  Beyond  the  onset  of  this 
divergence,  for  each  of  the  two  boundary-layer  conditions,  the  magnitude  of  the  maximum  excursion  in 

trailing-edge  pressure  correlates  reasonably  well  with  the  maximum  value  of  the  peak  in  leading-edge 

pressure  difference.  It  should  be  remembered  that,  in  the  stall,  the  leading-edge  suction  collapses  -  and 
so  the  maximum  value  of  leading-edge  pressure  difference  is  not  necessarily  a  measure  of  the  maximum 
incidence  reached  in  the  excursion.  Indeed,  for  the  peak  Q  of  Fig. 25a  there  is  e  clear  suggestion  that 
the  pressure  difference  begins  to  fall  while  incidence  is  still  rising;  the  peak  Q  in  trailing-edge 
pressure  difference  indicates  that  the  stall  increases  in  severity  well  beyond  the  stage  at  which  the 
maximum  is  reached  in  leading-edge  presaure  difference  (see  below). 

The  mrrrlnt'  jn  with  stall  an set  in  the  steady  acr.  fc il  tests  it  uithi-  1°  of  intiAe-i*,  This  is 
surprisingly  good  in  view  of  the  three-dimensionality  and  time  dependence  of  the  flight  environment,  and 
in  view  of  the  various  possibilities  for  ocher  experimental  errors  or  differences.  The  difference  is  of 
the  same  order,  fo.  example,  as  that  between  transition-free  and  transition-fixed  conditions  in  flight. 

Figs. 24c  oird  J5t  teprvJeut  w.  ittoiipr  to  af.alyac  the  dynamic  ’stall’  development  tor  the  ft  Salts  ot 
Figs. 24a,  b  and  25a,  b  respectively.  The  magnitudes  of  the  trailing-edge  pressure  excursions  are  plotted 
as  direct  functions  of  the  leading-edge  pressure  difference  which  will  of  necessity  be  treated  as  an 
'independent'  variable  in  following  through  the  loops  that  are  generated  in  this  analysis.  It  is 
important  to  bear  in  mind,  however,  that  the  variations  in  this  quantity  are  related  to  the  changes  in 
incidence  at  the  station  in  question  and,  in  turn,  that  these  hanges  result  from  spatial  (lateral) 
displacements  of  the  vortex  velocity  field  with  respect  to  the  measuring  station.  This  latter  point  is 
unlikely  to  affect  the  interpretation  of  the  flow  phenomena  in  t.'ie  early  stages  of  what  follows,  but  we 
shall  return  to  it  towards  the  end  where  it  clearly  could. 

Take  the  transition-free  case  first.  The  analysis  starts  at  point  0  where  the  incidence  is  low 
and  the  leading-edge  flow  is  subsonic  and  clearly  unstalled.  The  flow  remains  unstalled  as  the  leading- 
edge  difference  passes  through  and  well  beyond  the  value  (about  0.4)  corresponding  to  sonic  velocity  at 
the  pressure  hole  in  question  on  the  upper  surface  (0.01  chord).  There  is  a  small  excursion,  A,  in 
trailing-edge  pressure  at  the  first  peak  in  incidence  (leading-edge  pressure  difference  •  0.6),  but  some 
ambiguity  exists  as  to  whether  or  not  this  indicates  an  incipient  stall  at  this  station.  The  excursion, 

B,  at  the  second  peak,  leaves  no  ambiguity;  but  the  flow  recovers  smoothly  from  the  incipient  stall, 
without  'ivnificant  hysteresis. 

A  similar  analysis  for  the  transition-fixed  results  (Fig. 25c)  indicates  the  pi 'fence  of  stalled  flow 
'or  Kith  the  f i*"»i  and  second  incidence  crests,  P  and  Q  (Fig. 25a).  Certain  features  of  the  tailing 
and  flow  re-establ ishaent  processes  can  be  inferred  froa  this  liaited  djta  and  certain  questions  posed. 

The  ruin  interest  in  the  present  context  is  the  bearing  that  these  inferences  and  questions  have  on  the 
interpretation  of  the  oeac  pressures  and  on  the  assessment  of  how  the  two  profiler  behave  relative  to  one 
soother  in  the  rotor  errrirrment. 

•  Typically,  0.55  to  0.60. 

**  It  s ±x’.i  Ve  stated  that  sen  of  the  flight  tests  wrn  sj>i*  vitkmt  resgtetss  Va&it.  For  these.  tVe 
presence  of  sigxificast  regimes  c i  lauu;  flew  was  reieslrd  Vr  cocttrasr  with  a  »xt  Ills  (fraa 
•  iwsfteri:  p (!;*(•■*  Arpostted  is  the  iuhtlas:  regions.  Soar  tests  sere  a»6r  with  leaf -?<g-*£fe 
(irVmtic  k*s£i  iicils;  :t  Ui«m  tsei  is  the  srtrft:!  tests 
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The  successive  excursions  in  trailing-edge  pressure  differ  msinly  in  degree.  Both  stsrt  with  a 
divergence  from  the  base  line  as  the  value  of  leading-edge  pressure  difference  exceeds  the  value,  about 
0.45,  that  is  critical  for  the  transition-fixed  conditions  (see  Fig. 26).  It  can  reasonably  be  inferred 
that  the  severity  of  the  separation  is  increasing  progressively  as  the  trailing-edge  pressure  continues  to 
fall.  Also,  it  is  clear  that  attached  flow  has  been  re-established  at  both  leading-edge  and  trailing-edge 
of  the  particular  pressure  plotting  station  in  question  by  the  stage  at  which  the  line  falls  sharply  from 
the  apex  of  the  loop  to  the  base  line. 

On  following  the  stall  loops  in  more  detail  we  see  that  the  leading-edge  pressure  difference  at 
first  continues  to  increase;  this  implies  that  the  incidence  was  at  first  continuing  to  increase.  It  is 
also  reasonable  to  assume  that  incidence  was  still  increasing  around,  and  to  some  point  beyond,  the 
stationary  value  in  leading-edge  pressc-e  difference;  this  is  because  we  know  from  aerofoil  tests  that 
the  leading-ed^e  supersonic  velocities  begin  to  collapse  as  incidence  increases  into  stall  for  these  Mach 
numbers  (see,  for  example.  Fig. 9). 

We  can  deduce,  however,  that  incidence  almost  certainly  began  to  decrease  at  some  point  on  the  loop 
before  the  apex  was  reached;  this  is  because  the  value  of  leading-edge  pressure  difference  at  which 
attached  flow  is  re-established  corresponds  to  a  significantly  lower  incidence  than  is  implied  by  the 
maximum  value  of  this  difference  (at  least  I]  lower  for  loop  Q).  What  we  cannot  deduce  is  just  where 
incidence  began  to  fall. 

The  appearance  of  significant  hysteresis  in  the  loop  Q  is  the  stage  at  which  to  remind  ourselves 
that  the  vortex  velocity  field  is  being  displaced  laterally  along  the  blade.  As  well  as,  or  instead  of, 
stalling  hysteresis  of  the  classical  type,  the  loops  probably  reflect  some  essentially  different  aspects 
implicit  in  the  lateral  displacement  of  the  vortex  induced  flow  phenomena.  Some  of  the  apparent  hysteresis 
could,  for  example,  be  associated  with  a  time  lapse  for  the  separated  flow  to  pass  clear  of  the  trailing 
edge  of  the  pressure-measuring  station  in  question. 

Finally,  it  is  of  some  interest  to  note  that  the  velocity  at  the  upper-surface  leading-edge  hole  that 
was  being  used  for  this  exploration  remained  supersonic  for  the  whole  of  the  first  loop  P  but,  for  the 
second  loop  Q,  had  fallen  to  a  value  just  below  sonic  before  'flow  attachment'  occurred. 

We  can  now  return  to  the  main  point  of  the  present  exercise,  namely  the  comparison  of  the  two 
profiles  on  the  basis  of  time  average  surface  and  wake  pressures. 

It  is  quite  obvious  that  these  pressures  will  be  strongly  influenced  by  the  extensive  excursions  of 
the  type  just  discussed  and  especially  by  the  stalling  and  flow  attachment  processes.  The  interpretation 
of  their  absolute  significance  is  therefore  difficult  for  the  extreme  cases  The  relative  manner  in  which 
the  two  profiles  respond  to  this  environment  should  nevertheless  still  be  reflected  in  the  mean  pressures 
because  these  were  samples  simultaneously  for  the  two  profiles  while  each  was  being  subjected  to  the  same 
cyclic  variations.  Moreover,  the  same  instrumentation  was  used. 

This  Jt  Jurticf.  ib  eoftiirMil  by  the  resoles  reproduced  in  Fig. 29  which  tjftpsre  the  war.  preb«o*et  Kt 
the  two  profiles  when  subjected  to  the  unsteady  conditions  indicated  in  the  upper  diagrams.  The  main 
conclusion  is  that  the  same  relative  levels  of  pressure  obtained  in  steady  two-dimensional  tests  are 
retained  even  in  the  unsteady  conditions  met  in  flight.  This  applies  especially  and  pertinently  to  the 
lower  level  of  local  supersonic  velocity  on  the  new  profile  and  to  the  correspondingly  weaker  Bhock.  Our 
conclusion  is  strengthened  by  the  fact  that  the  same  relative  levels  were  maintained  for  different  forms  of 
cyclic  variations  of  incidence,  two  of  which  are  shown  in  Fig. 29.  These  arose  from  changes  in  translational 
velocity  alone. 

One  analysis  of  the  difference  between  the  two  profiles  is  presented  in  Fig. 30,  in  which  the  profile 
drags  deduced  from  mean  wake  pressures  are  plotted  against  lifts  integrated  from  mean  surface  pressures. 
These  'polars'  bear  certain  similarities  to  those  shown  in  Fig. 19  for  the  steady  flow  aerofoil  tests  but 
also  certain  differencea. 

The  closest  similarity  occurs  for  the  transition-fixed  results  (the  aerofoil  tests  were  made  with 
transition  fixed);  the  new  profile  gives  the  same  improvement  of  about  0.1  in  lift  coefficient  for  a  given 
level  of  drag.  A  smaller  improvement  was  obtained  with  transition  free. 

The  mein  difference  lies  in  the  steepness  of  the  drag  increase  in  flight.  It  is  here  that  the  time¬ 
averaging  technique  is  likely  to  have  had  its  strongest  influence,  because  both  drag  and  lift  will  have 
varied  non-linearly  in  the  extremes  of  the  cyclic  incidence  variations.  The  drag  will  have  risen  much  more 
steeply  and,  beyond  the  stall,  the  instantaneous  lift  variations  will  even  change  sign.  The  two  non-linear 

effects  will  combine  to  steepen  the  time-average  curves. 

A  broader  perapective  of  the  difference  between  the  two  profiles  in  the  rotor  environment  ia  provided 
by  the  mean  surface  preisurea  reproduced  in  Figs. 31  and  32.  Each  figure  shows  the  pressure*  at  four 
apanvise  stations  on  each  of  the  two  glovea,  the  upper  set  in  each  case  being  for  the  new  profile  and  the 
lower  for  NACA  0012.  The  result*  in  Fig. 31  were  obtained  ct  low  altitude  and  Fig. 32  at  high  altitude  with 
the  rotor  consequently  aore  heavily  loaded  and  the  local  tip  sections  more  deeply  penetrating  the  develop¬ 
ments  of  local  supersonic  flow  at  the  leading  edge. 

The  relative  differences  between  the  two  profiles  are  consistent  and  clear.  For  corresponding 
conditions,  the  developments  of  the  local  awperaonic  flow  came  later  on  the  new  profile  and  lesa  severely. 

There  ti  a  quite  striking  similarity  between  the  broad  impress' on  created  by  Fig.  20  (<*ich  compares 

the  preseexts  cm  tkt  tae  prefiles  ix  tar-diaeneiaaal  steady  flow)  and  that  created  by  Figs. 31  and  32 
(•ki-k  : rmg are  the  mama  pressures  ea  the  tan  profiles  an  the  tips  ef  the  Gasses  rotex  is  flight). 

TV. i  casBswr*  ap*isei  tom  u  rha  psmJ  S^t  cd  the  grammars  dietrihwtiaas  with  their  local 
t»*-w  -»^r..w  utw  -J"  rf  Stw  am  paid-  .me 
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The  similarity  i»  all  Che  nore  striking  '/hen  one  recapitulate*  what  hae  juit  been  diecuieed  about 
the  environment  in  which  the  profile*  were  being  compared  in  the  flight  teata.  There  were  significant 
radial  variation*  in  both  Mach  number  and  incidence  and  strong  cyclic  variation*  in  incidence  which  in 
the  extreme  case*  involved  dynamic  excursions  into  and  out  of  stall.  The  profiles  evidently  responded  to 
these  complex  changes  in  qualitatively  the  tame  relative  way  as  they  did  in  the  steady  aerofoil  tests. 

12  CONCLUDING  REMARKS 

The  new  profiles  were  derived  to  give  consistent  and  significant  all-round  improvements  to  rotor 
performance  -  to  the  shock-induced  limits  on  the  advancing  blade,  to  the  retreating  blade  thrust  limits 
and  to  the  loading  that  could  be  sustained  without  shock-wave  drag  in  hover.  The  changes  were  conservative, 
especially  with  respect  to  the  stalling  characteristics;  these  are  the  most  significant  aerodynamic  sources 
of  limits  to  rotor  performance,  but  at  the  same  time,  they  are  the  least  predictable  theoretically  -  and 
even  conceptually  when  it  comet  to  the  rotor  environment.  The  caution  was  necessary  because  the  profiles 
were  to  be  incorporated  directly  into  the  Lynx  rotor. 

The  derivation  of  the  profiles  was  made  on  the  basis  of  steady  flow  aerofoil  tests,  but  qualitatively 
similar  improvements  have  been  verified  in  oscillatory  aerofoil  tests  and  in  flight.  This  applies 
especially  to  the  all  important  delay  in  the  development  of  local  regions  of  supersonic  flow  and  in  the 
development  of  the  various  stalling  phenomena  in  which  shock  waves  are  implicated. 

Certain  threads  run  through  the  discussions  of  these  profile-related  stalling  phenomena  and  of  the 
associated  reattachment  (or  flow  re-establishment)  processes. 

The  broad  fundamental  manner  in  which  the  stall  commences  seems  to  be  similar  in  the  steady  and 
oscillatory  aerofoil  tests  and  in  flight.  In  particular  there  is  a  characteristic  divergence  of  trailing- 
edge  pressure  in  all  cases. 

On  the  other  hand,  from  the  very  nature  of  the  cyclic  variations  of  incidence  and  Mach  number  that 
are  involved,  it  seems  that  the  way  in  which  attached  flow  is  re-established  after  stall  must  differ  even 
in  character  as  between  steady  and  oscillatory  aerofoils,  as  between  oscillatory  aerofoils  and  rotors,  and 
as  between  one  type  of  stall  on  the  rotor  (e.g.  retreating  blade)  and  another  (e.g.  vortex-induced  tip 
stall  at  hover). 

One  feature  that  is  common  to  the  rotor  situations  that  have  been  considered  is  the  highly  signif¬ 
icant  implication  of  the  local  supersonic  flow  in  both  the  stalling  and  the  flow  re-establishment  processes. 
It  must  also  be  highly  significant  that  on  the  rotor  in  forward  flight  there  will  be  simultaneous 
variations  in  both  Mach  number  and  incidence;  the  growth,  decay  and  re-establishment  of  local  supersonic 
flow  will  almost  certainly  depend  strongly  on  the  combined  effects  of  these  simultaneous  variations.  Herein 
surely  lie  the  seeds  of  much  fruitful  study.  The  present  work  suggests  that  this  could  be  facilitated  by 
rotor  tests  in  which  profile  shape  is  a  variable;  the  profile  dependence  of  the  phenomena  under  study  would 
add  an  extra  parameter  to  help  in  their  resolution. 
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ANALYSIS  OF  THE  LOCAL  SUPERSONIC  FLOWS  FOR  RESULTS  SHOWN  IN  FIGS. 9  AND  10 


Point 

M 

0 

a 

E(xt)° 

C(xT)° 

E/C 

m(xT)° 

I 

10 

0.6 

5.8 

21.8 

(47.4) 

12.85 

(28.65) 

8.95 

(18.75) 

1  .44 
0.53) 

3.9 

(9.9) 

1.21 

(1.43) 

2 

42 

0.7 

1.1 

(9.5) 

(5.15) 

(4.35) 

0.19) 

(0.8) 

(1.07) 

3 

112 

0.75 

1.55 

15.3 

(26.3) 

9.15 

06.4) 

6.15 

(9.9) 

1.49 

0.65) 

3.0 

(6.5) 

1.17 

0.31) 

4 

155 

0.65 

3.45 

11.8 

(22.2) 

5.9 

(12.7) 

5.9 

(9.5) 

1.00 

0.34) 

0 

3.2 

1.0 

0.19) 

5 

199 

0.5 

6.7 

(40.5) 

(22.5) 

07.95) 

0.26) 

(4.6) 

(1.24) 

6 

237 

0.4 

10.6 

16.0 

(37.5) 

10.85 

(24.3) 

5.15 

03.2) 

2.10 

0.85) 

5.7 
(II. 1) 

1.28 

0.47) 

7 

303 

0.4 

12.6 

39.1 

(20.8)* 

24.85 

(10.7)* 

14.25 
(10. 1)* 

1.74 

10.6 

(0.6)* 

1.46 

0.06)* 

8 

340 

0.5 

to.i 

58.1 

(43.4)* 

33.6 

(24.45)* 

24.5 

08.75)* 

1.38 

9.1 

(5.9)* 

1.40 

(1.29)* 

9 

355 

0.55 

8.2 

54.4 

(59.8) 

31.05 

(35.95) 

23.35 

(23.05) 

1.33 

(I.V5) 

7.7 

1-35 

<1.51) 

False*  ia  brackets  refer  t*  the  tfl  Wll  profile  Tig.*);  rcWro  u  fta  W 
*  These  valaes  are  stnagly  af fecit mt  by  stall. 


-  a*  s  jerfiiv  'Tig  . st;. 


16.12 


REFERENCES 

1  V.A.B.  Rogers,  Th*  daaign  of  tha  WG  13.  Roy.  Aero.  Soo.  RotorcrafC  Section  Symposium, 

13  January  1972.  To  ba  publiahad  in  Joum.  Roy.  Aero.  Soo. 

2  H.N.  Stuvsruda,  Oparational  hiatory  and  axparianca  with  Boeing  helicopter*.  Joum.  American 
Helicopter  Soo,,  Vol.13,  No. 4  (1968) 

3  W.H.  Tanner,  R.M.  Wohlfield,  New  experimental  tachniquaa  in  rotorcraft  aerodynamic*  and  their 
application*.  Joum.  Amerioan  Helicopter  Soo.,  Vol.15,  No. 2  (1972) 

4  G.H.  Byham,  A  atudy  to  invaitigate  the  forward  flight  capabilitiea  of  a  helicopter  rotor. 

Wettland  Helicopter*  Ltd.,  November  1971 

5  J.P.  Jonei,  The  helicopter  rotor.  Thirteenth  Lancheater  Memorial  Lecture  to  the  Roy.  Aero.  Soo., 
April  1970.  To  be  publiahad  in  Joum.  Roy.  Aero.  Soo. 

6  H.H.  Paarcey,  J.  Oiborne,  Some  problem*  and  feature*  of  trantonic  aerodynamic*.  ICAS  Paper  No. 70-14; 
Seventh  Congras*  of  ICAS,  September  1970 

7  J.  Osborne,  H.H.  Paarcey,  A  type  of  stall  with  leading-edge  transonic  flow  and  rear  separation. 

AGARD  CP  No. 83,  GBttingen  (1971) 

8  A.W.  Moore,  N.C.  Lambourne,  L.  Woodgate,  Comparison  between  dynamic  atability  boundaries  for  the 

NPL  9615  and  NACA  0012  aerofoil*  pitching  about  the  quarter  chord.  RAE  Technical  Report  71163  (1971) 

9  H.H.  Pearcey,  D.W.  Holder,  Simple  method*  for  the  prediction  of  wing  buffeting  resulting  from 
bubble-type  separation.  ARC  23884;  NPL  Aero  Report  1024  (1962) 


274 


nC-9  (Centre  dlagron) 


M,  -  oc  locus  representing  wnditlsns  for  a  rotor  Made  elewent 

ot  093  radius.  Vassal  B  kalicaptor  at  \L  ♦  B  knots 

Also  Micatod  an  •assured  flow  boundaries  for  NACAOOB  aaroM 

Study  flaw  pressure  distributions  w  resending  to 
uasbirod  symbols  an  locus 


(PeriySwnl  diagrwct) 


M»*r«rilK«l  rm 


M,  -  <x  locus  representing  conditions  for  a  rotor  blade  element 
at  093  radius;  Wisstx  m  helicopter  at  VH-<- 12  knots. 

Also  indicated  art  measured  flow  boundaries  for  RAE(NPL)96I5  aerofoil. 

Steady  flow  pressure  distributions  corresponding  to 
numbered  symbols  on  locus. 


FIG. K>.  (Centre  diagram) 


(Peripheral  diagrams ) 


WN'tWll 


IS)  NACA  0011 


CeatpariMA  of  «(i«  now  and  ok 
profiks  ot  condition!  «ncount«r 
n«or  Uk  tip  of  tfk  r«tr*o«4ftf  fcl 
m  Ks  tfcrvtt  IMH  .  M  s04,a  m  I 
7  of  F*ft  f  0*4  >0 ) 


FIG. 14  Analysis  of  the  local  supersonic  flows  represented 
NACA  0012  profile 


FIG  IJ  Analysis  of  the  locot  supersonic  flows  represented 
AAE(NPU961S  profile 


RAE  (NPLl  9*15 


NACA  0012 


Steady  stall 
boundaries 


FIG. 15.  Comparison  of  stability  boundaries  for  two 
profiles 


RAE  (NPLl  9*15 


roufhn«s« 


Cjrtfcc  wrtefca  «r 


- 

•"HI  IRMI 


Wf  M  lk*Hfc  •!  «fc«  kl«4«  a^ilkaHHi  ••  At  W«imi  ktlkafttr 
••  Mia  lii^  — •>«§<  rt(«r4«r 


(irwitiUM  M 

fif.2S 


17-1 


THE  EFFECT  OF  PLAN  FORM  SHAPE  ON  THE  TRANSONIC  FLOW  PAST  ROTOR  TIPS 

by 

W.  F.  Ballhaus  and 
F.  X.  Caradonna 

U.  S.  Army  Air  Mobility  RAD  Laboratory 
Ames  Directorate 

Moffett  Field,  California  USA  9A03S 


SUMMARY 


A  numerical  relaxation  algorithm  capable  of  calculating  the  transonic  lnvlscid  flow  about  arbitrary 
planform  rotora  haa  been  developed.  The  essential  feature  of  this  method  is  a  transformation  in  which 
arbitrary  planforms  are  converted  to  rectangles  and  all  boundary  condition  problems  are  transferred  to  the 
equation  of  motion.  Preliminary  numerical  calculations  are  presented  for  blades  of  various  Bweeps 
and  profiles.  It  is  seen  that  three-dimens lonal  effects  remove  sweep  effects  and  can  cause  shocks  which 
are  locally  more  severe  than  would  occur  in  less  swept  or  even  unswept  planforms.  The  method  presents 
itself  as  a  soon-to-be  practical  means  of  checking  various  rotor  configurations  before  any  tests  be  made. 


NOTATION 

/R  aspect  ratio  ,  R/£ 

c  ratio  of  local  chord  to  £ 

c  a  representative  chord  value 

Cp  pressure  coefficient 

Mt  tip  Mach  number 

Pi  pressure  ahead  of  shock 

x  x/£,  non-dlmenslonalized 

chordwise  coordinate 

y  y/R,  non-dimens lonallzed 

spanwlse  coordinate 

-  1/3 

z  zt  /£,  scaled  coordinate 

normal  to  blade 

x,y,z  physical  coordinates 


AP  pressure  difference  across  a 

shock 

n  transformed  spanwlse  coordinate 

(  transformed  chordwise  coordinate 

$  small  disturbance  velocity 

potential 

Subscripts 

2-D  two-dimensional 

0  leading  edge 


1.  INTRODUCTION 

The  performance  of  conventional  high  speed  helicopter  rotors  is  severely  affected  by  the  large 
difference  in  dynamic  pressure  encountered  by  the  blades  on  the  advancing  and  retreating  sides  of  the 
rotor  disk.  For  a  given  r0tor  RPM  the  forward  flight  velocity  is  limited  by  the  onset  of  dynamic  stall 
on  the  retreating  side  and  adverse  transonic  effects  on  the  advancing  side.  Dynamic  stall  is  characterized 
by  severe  vibration.  It  can  be  alleviated  by  increasing  rotor  RPM.  The  result,  however,  is  to  compound 
the  transonic  effects  on  the  advancing  side  where  the  rotor  tip  may  encounter  drag  divergence  and  shock 
Induced  separation.  Hence,  from  a  purely  aerodynamic  and  performance  standpoint,  it  would  be  desirable  to 
increase  the  maximum  allowable  rotor  RPM  by  minimizing  transonic  tip  effects.  One  approach  to  the  problem 
is  to  vary  the  rotor  tip  geometry.  Only  very  approximate  methods  have  been  used  in  such  design.  The  problem 
is  that  transonic  flow  has  yielded  little  to  analysis.  In  addition,  there  exists,  to  our  knowledge,  no 
reliable  pressure  data  for  flow  about  rotor  tips  in  the  transonic  regime.  However,  rotors  with  various 
tip  planforms  have  been  flown,  and  improvements  in  performance  and  noise  have  been  noted.  What  is  now 
needed  is  a  reliable  means  to  judge  the  relative  merits  of  various  configurations  and  improve  their  design. 
The  numerical  simulation  of  such  flews  is  becoming  more  attractive  due  to  the  increasing  speed  and  capacity 
of  modern  computers  and  the  rapidly  advancing  state  of  the  art  in  computational  fluid  mechanics. 


Recent  renewed  interest  in  transonic  aerodynamics  has  given  rise  to  the  development  of  numerical 
methods  for  predicting  lnvlscid  transonic  flows  which  include  the  presence  of  eafcedded  shock  waves.  The 
most  efficient  techniques  at  present  use  relaxation  methods  to  solve  finite  difference  approximations  to 
the  governing  non-linear  small  disturbance  equation.  In  the  paper  of  Murman  and  Cole  (Ref  1)  it  was  shown 
that  the  use  of  mixed  backward  and  central  differences  renders  the  old  relaxation  methods  quite  adequate 
for  calculating  two-dimensional  transonic  flows.  By  central  and  backward  differencing  in  the  subsonic  and 
supersonic  regions  respectively,  one  correctly  simulates  the  physics,  l.e.,  upstream  signal  propagation  in 
the  hyperbolic  region  is  prevented.  When  this  is  done,  shocks  appear  quite  naturally;  no  special  Jump 
conditions  need  be  specified.  Subsequent  works  have  improved  on  the  basic  mixed  differences  method  of 
Murman  and  Cole  (Ref  2, 3, 4, 5).  Results  have  been  published  which  show  excellent  agreement  with  experimen¬ 
tal  data  (when  corrected  for  wind  tunnel  wall  and  viscous  effects)  for  lifting  airfoils  with  both  blunt 
and  sharp  leading  edges.  Work  in  three  dimensions  has  been  limited  both  by  the  increased  complication  of 
the  additional  space  dimension,  and  by  the  increased  cost  involved.  For  this  reason,  three-dimens  on 
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work  has  been  confined  Co  Che  eoludon  of  Che  invlscid  Crat  sonic  email  discurbance  equadon  wlch  linearized 
boundary  condicions.  In  Che  work  of  Ballhaua  and  Bailey  (Ref  7  &  8)  soludone  were  obcained  for  flows 
about  Chin,  blunc  nose,  lifting  wings  wlch  sweep  and  Caper  and  about  nonlifting  wing-cylinder  combinations 
wlch  and  without  area-rulir.g.  Caradonna  and  Isom  (Ref  6)  derived  and  solved  Che  transonic  small  distur¬ 
bance  equation  for  the  flow  about  a  thin  sharp  nose  rotor  in  the  hover  condition  by  an  extension  of  the 
mixed  difference  relaxation  techniques  to  three  dimensions.  Calculations  for  other  than  rectangular  plan- 
forms  were  not  attempted,  since  it  is  awkward  to  constantly  alter  the  mesh  to  fit  the  planform  being  tested. 
A  more  practical  approach  was  undertaken  by  Ballhaua  and  Bailey  (Ref  7)  who  treat  swept  and  tapered  fixed 
wings  by  transforming  the  planform  shape  into  a  rectangle.  Such  a  procedure  is  particularly  useful  in  the 
consideration  of  blunt  nose  airfoil  sections  for  which  a  high  density  of  grid  points  is  required  near  the 
leading  edge  to  account  for  the  large  gradients  there. 

The  present  work  is  a  combination  of  the  algorithms  developed  in  Reference  6  and  7.  We  consider  the 
simplest  problem  that  maintains  the  salient  features  of  high  speed  tip  flow.  The  transonic  small  distur¬ 
bance  equation  for  the  hover  condition  is  solved  for  a  nonlifting  rotor  tip  of  arbitrary  planform.  The 
most  significant  simplification  here  is  the  neglecting  of  viscous  effects  and  unsteadiness  in  Incident 
Mach  number .  Calculations  include  the  effects  of  rotation,  nonlinear  mixed  flow,  the  spanwlse  frees tream 
Mach  number  gradient,  and  the  flow  relief  as  affected  by  tip  geometry. 

2.  EQUATIONS  OF  MOTION  AND  BOUNDARY  CONDITIONS 

The  transonic  small  disturbance  equation  for  the  hover  condition  derived  in  Reference  6  can  be 
expressed  in  the  form: 

P^5-  (1+r)  $  y*x]  ♦, 

The  pressure  coefficient  is  given  by 


The  flow  tangency  condition  on  the  rotor 


*zz  +  ^273  *yy  +  ^571  [x*x  +  y*y  +  2xyVl  ’  0  • 


C  - - if 

r  y  x 

surface  is  linearized  and  applied  on  the  wing  mean  surface 
(x,y,0±)  -  y  [fu  l(x,y)J 


(2) 


(3) 


for  0  i  y  ‘  1  ,  :  •  0  ,  x(leading  edge)  £  x  £  x(trailing  edge). 

Elsewhere  on  the  plane  z  «  0,  the  symmetry  condition,  $z  •  0,  is  enforced.  The  perturbation  potential  is 
set  equal  to  zero  on  the  far  field  boundaries  and  two-dimensionality  is  Imposed  on  the  inboard  boundary 
(see  Figure  1). 

Rotation  has  two  effects,  a  frees  tream  Mach  number  gradient  and  a  curvature  of  the  free  streamlines. 
In  equation  (1)  the  former  effect  is  accounted  for  by  the  first  grou.,  of  terms.  The  free  streamline 
curvature,  represented  by  the  last  group  of  terms  in  equation  (1),  has  been  found  to  have  little  effect 
for  moderately  high  aspect  ratios.  Therefore,  in  all  that  follows  these  terms  are  deleted. 

In  using  equation  (1)  to  treat  realistic  rotors  (those  with  blunt  nose  leading  edges)  with  non- 
rectangular  planform  shapes,  difficulties  are  encountered  in  establishing  a  computational  grid  network. 
Basically,  there  are  three  considerations  in  constructing  the  computational  grid:  (1)  economy,  i.e.  use 
the  minimum  amount  of  mesh  points  necessary  to  properly  resolve  the  flow;  (2)  concentration  of  grid  lines 
in  regions  of  large  velocity  gradients,  e.g.  near  stagnation  points  and  in  the  vicinity  of  the  tip; 

(3)  uniform  location  of  boundaries  (leading  and  trailing  edges  and  tip)  between  mesh  points.  Experience 
has  shown  that  for  thin  profiles  with  sharp  leading  edges,  concentrating  grid  lines  near  the  leading  and 
trailing  edges  is  desirable  but  not  essential.  In  fact,  for  rotors  with  such  profiles,  satisfactory  results 
can  be  obtained  by  superimposing  the  nonrectangular  planform  more  or  less  arbitrarily  on  a  predetermined 
grid  system.  (The  resulting  isobar  configuration  for  a  flowfield  calculated  in  this  manner  is  shown  in 
Figure  7.  Some  wavlness  in  the  isobars  near  the  leading  edge  is  apparent  due  to  failure  to  uniformly 
locate  the  leading  edge  boundary  between  mesh  points,  but  the  results  are  acceptable.)  For  blunt  nose 
profiles  however,  grid  lines  must  be  concentrated  near  the  leading  edge,  and  boundaries  should  be  uniformly 
located  between  mesh  points.  This  can  be  easily  Implemented  for  rectangular  planform  rotors.  However, 
in  solving  equation  (1)  for  nonrecl angular  planforms,  these  considerations  can  only  be  met  by:  (1)  the 
addition  of  a  prohibitive  number  of  grid  lines,  or  S'  use  of  a  non-orthogonal  grid  system  coupled 

with  an  interpolation  scheme.  We  have  chosen  rathei  -  the  following  coordinate  transformation,  which 

nt*.« fsK  the  iftUU  Cl  flltlW  get*.  tftt  Uiift/.Atj  iOdlthte  tt- 

of  motion  (see  Figure  2): 


F(v  V)  - 

5U,y;  c(y) 


(4) 


n  •  y 


2  •  2 

The  governing  small  disturbance  equation  In  terms  of  the  new  Independent  variables  £,  n,  z  Is 
fl-»6n2  m£  nd-hr) 

P73‘ 


c(n) 


;]  ♦««  +  ^773  [♦nn  +  2<y  ♦en  +  «y  ♦«  +  *yy  ♦?]  ”  0 


(5) 
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The  pressure  coefficient  becomes 


C 

P 


.2Ur- 

nc(n) 


(6) 


The  boundary  condition  on  the  rotor  surface  is  now 


Vl  (5*r’*0±)  ■  "fe  Cfu,l(5*n)1 


and  is  applied  at0£(*l,0ln£l  ,  z  ■  0  . 


Now  the  (-and  n-meshes  are  independent  of  each  other.  We  are  free  to  concentrate  (-points  near  a 
blunt  nose  and  n-points  near  regions  of  radical  geometry  variation. 


3.  NUMERICAL  ALGORITHM 


Finite  differences  are  used  to  approximate  th*r  derivatives  of  the  velocity  perturbation  potential  in 
equation  (5).  The  derivatives  of  $  with  respect  to  n  and  z  are  approximated  by  centered  differences. 

For  the  (-derivatives,  central  or  backward  differences  are  used  depending  on  whether  the  sign  of  the  first 
term  in  brackets  in  equation  (5)  is  positive  or  negative  (to  maintain  stability  it  was  found  necessary  to 


delay  backward  differencing  the  term 


Mr 


h  *(5 


until  the  sum  of  the  coefficients 


of 


in  equation  5 


became  negative).  The  resulting  nonlinear  system  of  difference  equations  is  solved  iteratively  by  the 
method  of  successive  overrelaxation.  Two  aspects  of  three-dimensional  transonic  flow  computations  require 
further  comment  -  the  treatment  of  shock  waves  and  the  treatment  of  rotor  planforms  with  kinks . 


Special  care  muse  be  taken  for  rotor  planforms  with  kinked  leading  and  trailing  edges  because  of 
discontinuities  in  derivatives  with  respect  to  n.  Straightforward  central  differencing  to  approximate 
n-derivatives  is  not  permitted  across  kinks.  This  problem  can  be  overcome  either  by  using  one-eided 
differences  and  applying  jump  conditions  or  by  interpolating  across  the  kink.  The  latter  approach  has 
been  found  to  be  more  effective 

An  essential  feature  rn  the  construction  of  relaxation  methods  for  transonic  flows  is  the  manner  in 
which  local  differencing  schemes  are  formulated  in  the  vicinity  of  shock  waves.  The  important  considera¬ 
tion  is  to  avoid,  insofar  as  possible,  differencing  across  embedded  shocks.  In  two-dimensional  transonic 
flows  over  airfoils,  embedded  3hock  waves  are  nearly  normal  and  hence  closely  aligned  with  the  Cartesian 
coordinate  system.  Thus,  central  differencing  of  derivatives  in  the  direction  normal  to  the  freestream 
is  naturally  restricted  to  small  angles  across  the  shock.  The  use  of  central  and  backward  differences 
for  subsonic  and  supersonic  flow  regions  respectively  for  the  streamwise  derivatives  also  restricts 
differencing  across  shocks.  Experience  has  demonstrated  that  for  two-dimensional  transonic  flows  treated 
in  this  manner  embedded  shock  waves  are  resolved  with  very  little  smearing.  The  major  problem  encountered 
in  an  extension  of  two-dimensional  relaxation  techniques  to  three-dimensional  transonic  flows  is  the 
possible  presence  of  shock  surfaces  that  are  normal  and  oblique  to  the  freestream  in  different  regions. 
Unless  by  accident  the  shock  surface  should  coincide  with  the  coordinate  Rystem,  the  principle  of  no 
differencing  across  shock  surfaces  is  extremely  difficult  to  implement  while  maintaining  a  stable  relaxa¬ 
tion  algorithm.  The  differencing  scheme  used  to  solve  the  transformed  equation  is  naturally  biased  to 
best  capture  shock  waves  that  are  parallel  to  the  leading  edge  (for  untapered  planforms).  On  the  other 
hand,  the  differencing  scheme  of  Reference  6  is  best  suited  to  capture  shock  waves  that  are  normal  to  the 
freestream  direction.  Significant  smearing  is  to  be  expected  for  shock  waves  that  are  severely  misaligned 
with  these  preferred  directions.  A  technique  designed  to  overcome  this  difficulty,  which  has  been  applied 
successfully  to  some  simple  cases  (see  Ref  8),  is  currently  under  development.  A  skewed  computational 
molecule  is  used  to  avoid  differencing  across  shock  surfaces  at  large  angles.  Such  an  additional  compli¬ 
cation  would  not  be  worthwhile  for  most  of  the  simple  swept  tips  treated  in  this  report,  because  a  straight¬ 
forward  application  of  the  algorithm  without  skewing  resulted  in  generally  satisfactory  shock  resolution. 
This  point  will  be  mentioned  further  in  conjunction  with  the  discussion  of  computational  results. 

4.  RESULTS 

A  series  of  flows  for  various  swept  planforms  has  been  computed.  Figures  3  through  5  show  the 
isobar  and  Cp  cross  section  plots  for  12*  circular  arc  profiles  at  Mj  -  .88  with  sweeps  of  O'*,  15°,  and 
30°  respectively.  The  30°  sweep  case  has  been  computed  using  both  the  transformed  and  untransformed 
methods,  and  the  results  compare  well  with  the  exception  that  the  transformed  results  show  some  shock 
smearing  near  the  tip.  This  is  not  unexpected  Bince  the  chock  is  nearly  normal  here,  which  places  it  at 
about  a  30°  angle  with  the  transformed  coordinate  system.  Toe  result  of  increasing  sweep  is  as  one 
would  expect.  That  is,  a  progressive  weakening  of  the  shock  /1th  increasing  sweep  angle.  This  is  seen  in 
Figure  6  which  summarizes  the  various  flow  configurations  for  the  circular  arc  profiles  by  plotting  shock 
strength  as  a  function  of  distance  from  the  tip  in  chords.  These  shock  strengths  are  calculated  using  the 
normal  shock  relations.  Incidently,  in  all  rotor  cases  we  have  computed,  the  shock  has  been  very  nearly 
normal  to  the  freesfeam.  This  is  due  to  the  fact  that,  for  the  planforms  considered,  no  portion  of  the 
transonic  flow  field  is  outside  of  the  region  of  influence  of  the  tip  and  of  a  planform  kink.  On  the 
basis  of  a  comparison  of  the  flows  shown  in  figures  7  and  8,  calculated  using  the  untransformed  equation, 
it  is  seen  that,  in  spite  of  the  shock  normality,  sweep  effects  are  still  quite  important.  Figure  9  shows 
a  comparison  of  shock  strengths  for  the  flows  in  figures  7  and  8.  Considering  the  much  more  drastic  leading 
edge  angles  in  the  "paddle"  shaped  tip,  it  is  surprising  that  it  has  stronger  shocks  than  the  simply  swept 
tip.  An  inspection  of  figures  7  and  8,  however,  shows  that  in  fact  the  isobars  fo.r  the  simply  swept  tip 
have  more  sweep  in  the  supersonic  expansion  region  than  those  of  the  more  complicated  shape.  The  fact 
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that  the  isobars,  in  this  latter  case  are  unewept  for  such  an  extensive  area  (essentially  the  entire 
supersonic  region)  is  due  to  the  flow  relief  necessitated  by  the  planform  kink.  Apparently,  while  flow 
relief  can  be  beneficial  in  reducing  shocks  it  can  also  be  harmful,  if  it  has  the  effect  of  eliminating 
sweep.  It  is,  however,  too  early  to  make  any  general  statement  on  the  basis  of  this  evidence  as  we  have 
not  yet  obtained  solutions  for  0012  sections  for  the  paddle  type  planforms,  and  this  type  of  variation 
in  profile  can  make  a  considerable  difference  in  the  sort  of  results  obtained. 

Transformation  solutions  were  obtained  for  the  NACA  0012  section  with  various  simply  swept  planforms 
(Figures  10  to  12).  Here  the  trend  of  the  flows  is  quite  different  from  that  noted  tor  the  circular  arc 
sections.  Figure  13  shows  that  while  increasing  sweep  does  improve  the  situation  over  much  of  the  rotor, 
it  seems  to  actually  make  things  worse  very  near  the  tip.  The  shock  strengths  at  the  tip  for  the  30° 
atoewp  MM  ehuold  be  Cheated  with  a  little  cuadi^r  *=  H Vn*  If  amarleg  cf  ft >  'h  cfc  fwe  are  actually 

differencing  across  the  shock  here  at  an  angle  of  30°) ,  and  the  point  at  which  the  shock  begins  is  not 

obvious.  We  have  used  the  minimum  C_  to  compute  the  shock  strength,  and  it  is  quite  possible  that  some 

of  the  recompression  occurring  here  is  isentropic.  it  does  not  seem  likely  however  that  there  is  so  much 
isentropic  recompression  as  to  radically  alter  Figure  13.  Undoubtedly,  this  difference  in  behavior 
between  the  NACA  0012  and  the  circular  arc  profiles  is  related  to  the  fact  that  the  former  profile  hes  a 
severe  nose  expansion  and  a  shock  which  always  occurs  much  closer  to  the  leading  edge  than  for  the  latter 
profile.  Naturally,  both  C_  profiles  are  shifted  upstream  at  the  tip  of  the  swept  section.  However,  the 
0012,  for  lack  of  space,  does  so  in  a  much  more  drastic  manner.  In  fact,  an  inspection  of  the  isobar 
sweep  in  the  supersonic  tip  regions  in  figures  12  and  5  shows  the  0012  flow  to  be  almost  completely 

unswept  here  while  the  circular  arc  flow  in  not.  The  large  tip  shock  strength  for  this  case  could  be 

explained  by  the  fact  that  the  maximum  incident  Mach  number  occurs  in  the  tip  region.  The  loss  of  sweep 
effect  at  the  tips  of  swept  wings  is  well  known.  Apparently,  this  is  a  more  serious  matter  for  a  rotor, 
due  to  the  Mach  number  gradient.  The  traditional  "fix"  for  a  flow  such  as  this  would  be  to  fair  the  tip. 

Another  interesting  effect  we  have  noticed  concerns  the  flow  dependence  on  tip  Mach  number  for 
identical  blades.  It  was  pointed  out  in  Reference  6  that  for  rectangular  blades  there  was  a  curious  s lmi- 
larity  in  shock  strength  variation  for  different  Mach  numbers .  We  have  noticed  that  the  same  effect  holds 
for  non-rectangular  planforms.  Figures  Id  and  15  show  the  shock  strength  variation  for  two  non-rectangular 
olanforms  with  circular  arc  profiles  various  rip  Mach  numbers  Unfortunately,  we  have  ae  yet  inly 
obtained  such  comparisons  for  circular  arc  profiles,  and  we  cannot  say  if  this  is  just  a  quirk  of  a 
particular  profile  or  indicative  of  some  as  yet  undiscovered  similarity  in  the  equations. 

All  the  above  calculations  were  performed  on  an  IBM  360/67  computer,  and  on  such  a  machine  they  are 
rather  expensive.  For  a  calculation  such  as  shown  in  Figure  7,  in  which  the  untransformed  equation  was 
solved,  a  large  mesh  (80  x  30  x  ^0)  was  necessary.  Convergence  required  about  250  iterations  or  about 
two  hours  of  machine  time.  In  the  calculations  for  the  NACA  0012,  a  smaller  mesh  (64  x  30  x  32)  was  used. 
However,  the  machine  time  required  was  similar  to  the  previously  mentioned  case.  That  machine  time  was 
net  fcduied  I,,  till  uie  with  fewe*  gied  pwiuis  i.a  due  peiueexly  lu  the  ttluwex  iu„ veige*.ce  eexe  leeulxlbg 
from  concentrating  grid  points  near  the  nose  of  blunt  noBed  profiles.  Another  contributing  factor  is  the 
increased  amount  of  work  required  to  solve  the  additional  terms  in  the  transformed  equation. 

5.  CONCLUDING  REMARKS 

Preliminary  numerical  calculations  using  relaxation  techniques  have  been  presented  for  inviscid 
transonic  flows  about  thin  rotor  blades  with  various  planform  shapes .  Computed  solutions  indicate  the 
not  unexpected  result  that  similar  planforms  with  different  profiles  can  produce  radically  different  flow 
fields,  A  rather  surprising  chsrrvst'lon  Is  rh°r  ’’ighly  swept  planforms  can  resul*-  in  stronger  enbedded 
3hock  waves  than  less  swept  or  even  unswept  ones.  We  expect  to  be  able  to  make  more  definite  statements 
concerning  the  effects  of  planform  on  transonic  flowfleldB  after  a  wider  variety  of  cases  has  been 
analyzed.  To  this  end,  we  look  forward  to  the  parallel  processing  capability  of  the  new  Illiac  IV 
computer  which  will  soon  be  operational.  Our  relaxation  method  ia  Ideally  suited  to  the  Illiac,  and  the 
decrease  in  cost  and  running  time  should  be  considerable.  We  are  currently  working  to  improve  our  shock 
capturing  technique  and  to  develop  the  capability  of  treating  rotors  with  lift. 

While  only  a  few  cases  have  been  treated  thus  far,  we  believe  that  the  solutions  obtained  indicate 
that  tt.  jiuetlwai  Si.iiritljn  if  tWnWHSii  Iloxlitid  will  t-  *  at  ,+frl  fcn4  Iv*  li*c.j«*ug  LA#  JHl 
rotor  design. 
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SUMMARY 

Within  the  framework  of  a  cooperative  agreement  between  NASA  and  ONERA,  an  experimental  reeearch 
program  haa  been  conducted  on  a  aerie*  of  tilt  rotor*  designed  for  a  range  of  blades  twiat  in  the  various 
wind  tunnel  facilities  of  the  NASA,  ONERA  and  the  U3AAMRDL.  The  facilities  include  the  NASA/ Ames 
ho  x  00-foot  Wind  Tunnel,  OUERA/Modane  6  meter  sonic  wind  tunnel  and  the  USAAMRDL/Amsa  7-  by  10-foot  Wind 
Tunnel  a*  well  as  the  Air  Force  static  teat  facility  at  Wright-Patterson. 

The  main  objective  of  the  experimental  program  was  to  obtain  preciae  results  about  the  in¬ 
fluence  of  blades  twist  and  aeroelaaticity  on  tilt  rotor  performance,  from  hover  to  high  apead  cruise 
Mach  number  of  about  0.7. 

Five  aluminium  "rigid"  rotors  with  various  blade  tvista  ,  and  one  fiberglass  composite  "dyna- 
micaly  scaled"  rotor  were  tested  (scaled  13/55th  and  5/ 5 5th  from  a  typical  55ft  tilt  rotor  aircraft 
design)  ;  global  forces  on  the  rotor,  local  loads  and  blade  torsional  deflection  measurements  were  com¬ 
pared  with  theoretical  predictions  inside  a  large  Reynolds-Mach  envelope.  This  paper  describes  some  new 
testing  techniques  developed  for  this  joint  program  and  gives  a  brief  summary  of  the  main  results  obtained 
in  the  U.S.  and  French  facilities. 


NOTATION 


Section  drag  coefficient 
section  lift  coefficient 

•  •  J  h 

thrust  coefficient,  Tij/pn^D 
pover  coefficient,  P/pn3o5 
blade  chord 

rotor  diameter,  feet  '  - 

spinner  drag 

V* 

figure  of  merit,  0.790  _ 

p 

advance  ratio,  Vo/nD,  with  n 


V0cosot 


,  with  «c  :  rotor  tilt  angle 


Mach  number 


spinner  base  pressure 
free  stream  pressure 
rotor  radius 

r/R,  local  blade  station  radius  ratio 

Reynolds  number 

spinner  base  area 

gross  thrust 

net  thrust,  Tq  Dg 

free  stream  velocity 

velocity  at  blade  tip 


*  Assistant  to  the  Scientific  Director  for  Aeronautics  Coordination,  ONERA,  92320  CHATILLON  FRANCE 
«■  Chief,  Advanced  Aircraft  Programs  Office,  NASA,  Ames  Research  Center ,  Mo  ffett-field,  9*t035  CALIFORNIA 
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t  blade  section  thickness 

ot  rotor  tilt  angle 

fi  rotor  blade  pitch  angle 

Aj}  blade  twist  angle,  Incremental  or  total 

g.  rotor  solidity 

f  density 

rj  blade  efficiency  at  forward  speed. 

INTRODUCTION 

The  tilt-rotor  concept  is  one  of  the  most  promising  candidates  for  future  VTOL  Aircraft  be¬ 
cause  it  provides  a  good  compromise  in  design  requirements  for  both  hover  and  high  speed  cruise  flight  ; 
but  two  main  problems  must  be  carefully  studied  : 

-  compromise  of  geometry  ibr  aerodynamic  optimization  of  hover  and  cruise  efficiencies, 

-  aeroelastic  behaviour  of  the  rotor  itself,  and  elastic  coupling  between  rotors  and  s'.rl.-ame  [Rgf.  ij 

To  answer  a  part  of  these  problems ,  the  Research  Program  summarized  in  this  paper  was  ini¬ 
tiated  by  NASA  (AMES  Research  Center,  Advanced  Aircraft  Programs  Office)  and  US  Army  Aeronautical  Research 
Laboratory  with  a  contract  to  the  Boeing  Company,  Vertol  Division  ;  the  contract  objective  was  to  experi¬ 
mentally  verify  predicted  levels  of  hovering  and  cruise  performance  [2]  ;  this  program  was  conducted  as 
a  joint  NASA/ONERA  effort  under  an  International  Cooperative  Agreement  established  in  1968  ;  the  agreement 
provided  for  the  use  of  French  and  U.S.  facilities  and  for  an  exchange  of  the  resulting  data. 

The  need  for  a  compromise  in  the  design  requirements  between  hover  and  cruise  flight  of  a 
tilt-rotor  Aircraft  is  illustrated  in  figure  1  : 

in  hover  flight  (H),  the  requirement  for  efficient  performance  are  high  thrust  coefficient,  high  rota¬ 
tional  speed  (RPM)  and  small  values  of  blade  twist,  whereas  the  requirements  for  efficient  cruise  per¬ 
formance  (C)  are  low  thrust  coefficients,  relatively  lover  RPM,  and  larger  values  of  blade  twist.  Typical 
rotor  radial  variations  of  loads  and  local  Mach  number  for  hover  (H)  and  cruise  (C)  are  also  given  in  fi¬ 
gure  1 .  which  illustrates  the  great  difference  in  local  lift  coefficient  and  local  Mach  number  for  the 
two  conditions  of  flight. 


DESCRIPTION  OF  TILT  ROTORS 

The  4  meter  (13  foot)  diameter  rotor  models  are  scaled  from  a  55-foot  diameter  desifpi  by 
Boeing-Vertol  (low  disc  loading  Tilt  Rotor  Aircraft,  see  figure  1). 

The  4  m  diameter  was  chosen  in  order  to  permit  extensive  tests  in  various  facilities,  in¬ 
cluding  the  40  x  80  ft  Ames  Tunnel,  the  AFAPL-USAF  test  stand,  and  the  ONERA  -  S1  Mo  dan  e  sonic  8-meter  - 
diameter  tunnel.  Figures  2  and  3  give  the  general  characteristics  of  the  rotors. 

The  rotors  have  a  6-percent  thickness  at  the  rotor  tip, varying  to  10-percent  at  about 
30-percent  of  the  rotor  radius.  Inboard  of  30-percent,  due  to  structual  requirements  of  the  smaller 
4  m  rotor,  it  was  necessary  to  increase  the  thickness  rapidly  to  a  value  of  33-percent  thickness  at 
15-percent  radius.  This  increase  in  thickness  had  a  negative  effect  on  high  speed  cruise  performance  ; 
however,  survey  rakes  measurements  were  included  in  the  tests  to  determine  the  performance  loss  due  to  the 
increased  thickness  which  resulted  in  a  2  to  3-percent  reduction  in  efficiency  at  the  Mach  number  range 
from  0.5  to  0.68.  Five  semi-rigid  rotor  designs, each  having  a  different  total  value  of  blade  twist:26.6°, 
29°,  36°,  40.9°  and  44°  were  tested.  The  detailed  variation  of  thickness  at  several  radial  stations  for 
the  rotors  and  the  variation  of  blade  twist  for  blades  D,  E  and  F{  44,  36  and  26,6  degrees  of  twist  res- 
pectivelyj  are  shown  in  figure  3  . 


HOVER  PERFORMANCE 


The  calculated  variation  of  local  lift  coefficient  along  the  blade  radius  (figure  4a)  shows 
that,  with  the  44°  twisted  blades,  a  large  inner  part  of  the  rotor  penetrates  the  predicted  stall  bounda¬ 
ries,  whereas  the  lovest  26.6°  twisted  blades  is  far  from  the  separation  regime  ;  this  explains  the  large 
computed  difference  in  hover  efficiency  (figure  of  merit)  at  the  design  conditions  (V^p  ■  230  m/sec, 

6000  ft  altitude)  shovn  on  figure  4b  ;  experimental  results  obtained  on  these  tvo  13  ft  rotoa  are  in  good 
agreement  with  the  predicted  (F.M. ,  Op)  trend  :  the  loss  in  rotor  hover  performance  is  about  7-percent  at 
44°  twist  compared  to  26.6°  tvist. 

The  variation  of  the  hover  figure  of  merit  measured  for  the  five  rotors  as  a  function  of  their 
twist  ffom  the  tvo  test  facilities  (Ames  4o  x  80  ft  wind  tunnel  and  U.S.  Air  Force  static  test  rig)  is  gi¬ 
ven  on  figure  5a  for  the  optimum  thrust  coefficient  C;  "  0.075  1  experimental  values  are  in  close  agree¬ 
ment  with  the  predicted  F.M,  and  decrease  when  the  blade  tvist  increases. 
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Ths  variation  of  figure  of  merit  with  rotor  blade  tip  Mach  number  (figure  5b)  and  thrust 
coefficient  ( figure  Sc)  indicate  a  rapid  reduction  in  figure  of  merit  at  tip  Mach  above  about  0.6,  and 
a  severe  reduction  in  figure  of  merit  occurs  at  thrust  coefficient!!  above  about  .09.  for  a  given  tip  Mach 
number.  The  data  and  calculated  values  indicated  that,  at  design  conditions (  tip  Mach  number  of  0.6?  and 
thrust  coefficient  of  0.075)  the  figure  of  merit  values  range  from  a  maximum  of  about  0.79  for  the  lover 
values  of  twist  below  30°  to  less  than  0.72  for  values  of  biade  twist  greater  than  44  degrees. 

To  illustrate  the  scale  effect,  figure  6  presents  the  variation  of  figure  of  merit  as  a  func¬ 
tion  of  thrust  coefficient  for  the  13-foot  rotor  and  for  the  5-foot  rotor  tested  by  the  U.S.  Army 
(AARL  Static  rig) ,  with  the  same  36°  twist  law. 

A  5-percent  loss  in  figure  of  merit  with  the  smaller  scale  5- foot  diameter  rotor  at  the 
design  Gp  can  be  explained  by  a  Reynolds  number  effect  already  evidenced  on  higher  disc  loading  propellers 
(see  figure  6.  profile  drag  versus  Re,  and  Ref.  1). 

The  13-foot  rotor  falls  on  the  flat  part  of  the  curve  (F.M. ,  Re)  above  critical  Reynolds 
number,  whereas  the  5-diuneter  rotor  (mean  Reynolds  number  of  0.7  million)  is  on  the  steep  part  of  the 
curve.  From  these  curves  it  would  be  expected  that  a  55-diameter  rotor  would  have  about  2  percent  higher 
figure  of  merit  than  the  13-foot  diameter  rotor  and  also  that  the  low  disc  loading  proprotor  having 
about  10  to  12  pounds  per  square  foot  disc  loading  would  We  fro.u  1.5  to  2-pereent  lower  figure  of  merit 
than  the  maximum  performance  envelope  values  for  higher  disc  loading  propellers. 

About  hover  performance  measurements  on  scaled  rotor  models, a  new  method  has  been  recently 
developed  in  the  OilERA  S;  Modane  wind-tunnel,  baaed  on  an  extrapolation  to  zero  speed  of  the  results  ob¬ 
tained  at  vt.y  low  ape*.d  Inolde  the  oluse-d  test  section  \  figure  7 ) . 

For  the  first  time,  it  was  possible  to  check  the  validity  of  this  method  by  comparison  with 
"true"  static  tests  obtained  with  the  same  13  ft  rotor  on  the  U^S.A.F./Wright-Field  rig  :  it  car.  be  seen 
in  figure  7  that  the  extrapolated  results  on  power  and  thrust  coefficients  obtained  at  very  low  values 
of  the  advance  ratio  J  in  S;  Modane  are  in  close  agreement  with  those  measured  on  the. *®*rrsl'  AF/APL 
static  facility  •,  also  shown,  on  the  (Op,  J)  graph,  is  the  theoretical  ti»/iif -spuming  that  C-  and  F.M. 
at  low  J  VsluSu  urs  ,:.t.  as  (hoc  e  obtained  uri  a  static  rig  at  »  «  i)  (from  tins  relationship  } 

F.M.  -f  (  i  W(f )  ♦-!  ct)  • 

To  use  such  low  test  speed  it  is  necessary  : 

-  to  stop  the  wind-tunnel  fans, 

-  to  fit  a  low  permeability  screen  to  the  rear  of  the  first  diffuBor  (to  reduce  the  mass  flow  induced  by 
the  rotor  inside  the  return  circuit), 

-  to  measure  this  very  low  speed  with  special  instrumentation  (double-venturi  tube). 

winelly ,  the  speed  was  reduced  to  2-4  m/sec  with  the  lowest  Bcreen  porosity,  but  attained 
10-15  m/sec  without  any  screen  at  the  first  diffusor  exit. 


FORWARD  sma  XttSIS.  RIGID  flMttSS 


Shown  in  figure  8  is  a  s hematic  of  the  ORERA/Modane  8-meter  test  facility  and  the  two  test 
rigs  used  for  these  investigations  wherein  one  rig  io  utilized  for  low  speed  tests  for  a  large  range  of 
tilt  angles,  0  to  10-degrees,  with  a  minimum  sized  after  body  (this  later  rig  was  also  used  for  the  pre¬ 
vious  "quasi-static” tests). 

This  large  tunnel  [R€f.  3]  has  a  continuous  operating  mode  vith  three  interchangeable  test 
sections,  one  of  them  being  mainly  used  for  rotor  and  propeller,  driven  by  a  group  of  gas  turbines  (1000  HP); 
the  tunnel  is  powered  by  tvo  counter-rotating  fans  driven  by  hydraulic  turbines  (2  x  55000  HP)  ;  the  sta¬ 
gnation  pressure  is  atmospheric  ■  0,9  bar,  at  the  local  3300  ft  altitude)  ;  the  circuit  cooling  is 
obtained  by  air  exchange  ;  the  test  speed  can  reach  Mach  1 ,  but  for  the  purpose  of  these  rotor  tests  the 
Mach  mober  vas  limited  to  about  0.7. 


TILT  ROTOR  TRAMS ITIOH  REGIME 


One  of  the  goals  of  the  cooperative  RASA/ ORE RA  program  vas  to  compare  the  results  obtained  on 
the  smae  rotor  (So  ■  12,  5  m2)  inside  tvo  very  different  test  section  sizes,  at  Ames  (9p  *  265  m2)  and  at 
Modane  (Sp  ■  50  m2) ,  during  the  transition  regime  of  flight.  The  effect  of  tunnel  vail  on  tilt  rotor  test 
data, particularly  at  low  speed  and  high  tilt  angles, has  been  the  subject  of  considerable  controversy  and 
discussion.  The  13-foot  ditmeter  rotor  vas  tested  in  the  Ames  40-  by  80-foot  vind  tunnel  through  a  range 
of  tilt  anglee  from  0  to  78°  and  a  range  of  speeds.  The  tunnel  vail  effects  of  the  13-rotor  in  the  40-  by 
80  foot  vind  tunnel  are  presumably  very  small  at  disc  loading  of  10  pounds  per  square  foot  and  al  this  very 
lav  area  ratio  Sp/Sp  ■  5l.  The  same  rotor  13-foot  diameter  vas  tested  under  the  same  tilt  angle  and  velo¬ 
city  conditions  in  the  26-foot  or  8-meter  vind  tunnel  wherein  the  area  ratio  Sp/Sp  is  veiy  large  :  S5f  ; 
some  investigators  have  claimed  that  this  ratio  would  be  too  great  to  even  consider  testing.  Nevertheless, 
the  results  of  these  teste  in  the  tvo  vind -tunnels  are  shown  in  figure  9:  The  thrust  coefficient  as  func¬ 
tion  of  the  effective  advance  ratio  3*  which  ia  3  cos  ct  (ct,  angle  of  tilt)  indicates  that  there  la  good 
correlation  betveen  the  results  of  the  tests  in  the  tvo  vind -tunnels  and  thus  the  tunnel  vail  effects  of 
the  13-foot  rotor  tested  in  the  ORERA  8-meter  vind  tunnel  are  of  little  significance  fc  research  studies 
of  this  type  if  TSfei  pi :pu: aim  system,  at  low  I5.se  loading  Fi&'tfe  9  shows  that  the  previous  i.ovw  tests 
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in  the  !*0'  x  80'  Ames  tunnel  (made  vith  open  overhead  wind-tunnel  doors  to  minimize  from  recircu'  tion) 
give  a  good  extrapolation  at  J'  >0. 


CRUISE  TESTS 

The  cruise  mode  (axial  flow)  investigation  was  conducted  at  the  S •)  Modane  tunnel  on  a  special 
axial  support  system  (D^  «  0,6  m)  equiped  with  an  internal  6  component  balance  ;  because  the  axial  forces 
measured  cn  ti<e  dynamometer  included  the  drag  of  the  spinner,  it  was  necessary  to  tew  this  drag  to  obtained 
the  ''net”  thrust  in  view  of  comparisons  with  rotor  performance  predictions  ;  Figure  10  explains  the  two  suc- 
cessives  methods  used  for  measuring  the  spinner  tare  drag  : 

The  first  one  is  based  or.  a  spinner  base  pressure  technique  :  the  spinner  form  drag  cc  sfficient 
was  determined  from  "blades-off"  total  balance  force  and  base  pressure  measurements  ;  during  the  j  Jtor 
tests  themselves,  the  total  spinner  drag  Dg  was  obtained  by  adding  this  form  drag  to  the  base  pressure 
drag  (measured  under  rotor  operating  conditions), and  then  the  net  thrust  was  given  by  Tjj  »  Tg  +  Dg , 

Tq  being  the  measured  gross  thrust. 

A  more  satisfactory  method  was  later  used  where  a  special  balance  inside  the  spinner  gives 
directly  its  drag  with  the  blades -on  and  rotating  ;  a  comparison  between  these  two  methods  seems  to  indi¬ 
cate  that  this  later  method,  taking  account  of  the  presence  of  the  blades  inflow,  gives  a  little  larger 
spinner  drag,  i.e.  a  higher  cruise  efficiency  (between  1JJ  and  2f). 

This  spinner  tare  drag  was  found  to  be  a  very  significant  part  of  the  thrust  measurements  as 
shown  in  figure  1 1  :  the  gross  thrust  Tq  measured  had  negative  values  at  Mach  numbers  above  0.6,  where 
the  spinner  drag  Dg  became  greater  than  the  blade  thrust  Tjj.  All  the  thrust  data  shown  here  have  the  total 
spinner  drag  removed  and  hence  the  performance  characteristics  are  for  the  blades  alone  and  do  not  include 
the  spinner  skin  friction  or  profile  drag  which  would  exist  on  the  rotor  in  flight,  whereas  the  base  drag 
would  be  part  of  the  total  aircraft  drag.  Also  shown  in  figure  11  are  typical  advance  ratio,  J,  and  thrust 
coefficient  values  for  a  tilt  rotor  aircraft  for  a  range  of  Mach  numbers  from  0.3  to  about  0.67  which  are 
used  in  the  following  analysis  ( ■  180  m/sec,  Z  ■  10.000  ft).  For  all  these  results  from  Si  Modane 
tunnel,  the  conventional  Glauert  wall  corrections  have  been  applied  (ratio  Sp/S^  »  0,25),  but  low  levels 
of  thrust  loading  result  in  small  magnitude  of  these  corrections. 

At  a  cruise  Mach  mmber  of  0.1*55,  about  290  knots,  the  radial  section  lift  coefficients  and 
cruise  efficiency  for  blades  D  and  F,  UU.O  and  2 6.6°  of  twist  are  shown  in  figure  12  :  although  blade  F 
at  26.6°  is  the  best  at  hover,  its  section  loading  is  poor  and  3hovs  approximately  one  half  of  the  blade 
(inboard  of  about  55-percent  radial  station)  with  a  negative  lift  which  resultB  in  a  15-percent  lower  va¬ 
lue  of  cruise  efficiency  than  for  blade  D  at  1*U°  where  positive  section  lift  coefficients  exist  except 
over  the  outboard  10-percent  of  the  radius. 

The  data  in  figure  13  cure  the  thrust  coefficient  and  efficiency  (*)  for  a  range  of  advance  ra¬ 
tios  at  two  blade  angles  at  each  of  three  Mach  number,  M  «  0.1*55,  0.5I*  and  0.68.  The  design  thrust  coef¬ 
ficient  variation  with  J  and  the  resulting  efficiency  at  each  Mach  nunber  is  also  indicated.  Because  of 
the  low  disc  loading  of  the  rotor  the  thrust  at  maximum  efficiency  of  the  rotor  is  not  useable  and  of  no 
value  for  the  normal  cruise  operation  of  tilt  rotor  aircraft  having  reasonable  levels  of  drag.  As  shown 
in  the  figure  the  maximum  values  of  efficiency  occur  at  thrust  coefficients  and  hence  power  coefficients 
that  are  2  to  1*  times  higher  than  required  for  the  aircraft  with  the  higher  valueB  occurring  at  the 
lover  Mach  number  of  0.1*55.  Utilization  of  the  maximum  values  of  efficiency  can  only  be  obtained  economi¬ 
cally  by  utilizing  ntors  or  propellers  having  significantly  higher  values  of  disc  loading  of  the  order  of 
250  to  350  daN/m2  (50  to  70  pounds  per  square  foot)  instead  of  about  50  daN/m2  (10  lb/sq.ft)  chosen  here. 

The  data  shown  in  figure  ll*  sunnarize  the  measured  (eruise  efficiency  for  blades  D,  E,  and  F 
over  the  Mach  nunber  range  tested  0.3  to  0.72  and  the  variation  of  cruise  efficiency  with  the  five  dif¬ 
ferently  twisted  blades  for  0.1*55  and  O.606  Mach  number  : 

-  High  Mach  number  tests  (0.5^  M  <0.72) ,  i.e.  above  the  rotor  design  calculation  (M  ■  0.1*55,  see  Ref.  2), 
were  run  to  investigate  compressibility  effects  on  cruise  mode  ti.lt-rotor  performance  ;  figure  ll*a  shows 
a  large  decrease  of  the  cruise  efficiency  above  M=  0.6  due  partly 'to  the  large  profile  thickness  (33^)  at 
the  blade  root  (required  for  structural  conditions  on  these  scaled  models). 

-  The  blade  twist  effect  (figure  1  Ub )  is  very  important,  the  best  efficiency  being  obtained  with  the  lar¬ 
gest  blade  twist  tested  (i.e.  an  opposite  trend  than  shown  in  hover)  ;  the  calculated  values  given  here 
for  M  e  0.1*55  [Ref.  2]  takes  into  account  the  measured  velocity  profile  at  the  disc  plane  (a  small  flow  ac¬ 
celeration  was  detected  around  the  "minimum  body"  in  Si  Modane  tunnel)  ;  the  predicted  values  are  higher 
than  those  measured,  mainly  at  the  lowest  blade  twist  ;  for  the  "E"  blade  (36°  Twist)  the  experimental 
cruise  efficiency  is  0.71  against  O.T**5  predicted. 

To  conclude  about  the  need  for  a  compromise  between  the  performances  obtained  in  hover  and  in 
cruise  modes,  figure  15  gives  the  measured  and  predicted  values  of  hover  figure  of  merit  as  a  function  of 
the  design  ciuise  efficiency  at  M  *  0. 1*55  •  it  appears  tnat  a  ciade  .v.st  of  aoout  (*£*  ro«or) 
seems  the  best  compromise  for  this  typical  project  (F.M.  ■  0.775,  1  Cr  *  0.71). 


(•)  The  symbols  on  these  graphs  sure  directly  reproduced  from  the  automatic  plotting  of  a  computer 
program,  vhich  takes  account  of  all  the  corrections  and  tares. 
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FORWARD  SPEED  TESTS  ON  AEROELASTICALY  SCALED  HOTOB 


To  study  the  effect  of  aeroelasticity  on  rotor  performance,  a  special  13  foot  diameter  fiber¬ 
glass  model  ,iad  been  designed  and  built  [Ref.  2]  with  the  optimum  twist  shown  previously  (type  "E'"f  36° 
twist)  i  the  main  purpose  of  the  tests  in  the  cruise  mode  was  to  study  the  effect  of  Mach  number  and  loa¬ 
ding  on  "live"  twist  deformation,  and  the  effect  of  aeroelasticity  on  rotor/blade  stability.  Shovn  in 
figure  1 6  is  a  sketch  of  the  aeroelastics  blades  and  the  photographic  torsional  blade  deformation  tech¬ 
nique  utilized  to  measure  the  variation  of  "live  twist"  during  tests  of  the  rotor.  In  this  method,  an 

ultra  high  speed  photographic  flash  unit  was  used  to  obtain  stop  action  photographs  of  the  back  face  of  one 
of  the  rotating  blades  which  was  painted  with  triangular  targets  at  regular  spanwise  intervals.  The  angu¬ 
lar  difference  between  a  pair  targets  and  the  blade  root  reference  targets  is  related  to  the  blade  radial 
twist  distribution.  A  comparison  of  thi3  measured  distribution  under  forward  speed  conditions  is  made 
with  that  of  the  static  twiii't  .distribution  with  the  blades  nonrotating  which  gives  the  instantaneous  ae- 
roelastic  torsional  deflectioA' for  various  radial  stations.  A  comparison  for  a  typical  teat  point  is 
al30  shown  in  figure  16  which  indicates  about  a  2  degree  torsional  deflection  near  the  rotor  tip.  An 
interesting  aspect  of  the  measurements  was  that  the  so  called  "rigid  blades"  (built  of  aluminium)had  no- 

ticable  blade  deformation  as  shown  in  figure  17  and  that  there  was  a  consistant  one  degree  greater  twist 

deformation  with  the  aeroelastic  blades  than  with  the  "rigid  blades"  over  the  entire  Mach  number  and  ad¬ 
vance  ratio,  J,  range  tested  as  shown  in  the  figure. 

The  variation  of  thrust  coefficient  and  efficiency  for  Mach  numbers  of  0.1*55,  0.51*  and  O.606 
for  a  range  of  advance  ratios  for  the  aeroelastic  blades  is  compared  in  f i gure  1 0  to  the  rigid  blade  data 
snown  previously.  Aitnougn  tnere  is  a  significant  increase  in  tne  snarpness  of  tne  slope  of  thrust  coef¬ 
ficient  variation  with  advance  ratio,  the  actual  cruise  efficiency  for  the  cruise  Mach  numbers  is  nearly 
equal  to  the  cruise  efficiency  with  the  rigid  blades,  again  indicating  a  very  small  twist  deformation 
equivalent  U  the  l  degre-  irK-t.'UTt .  of  tin?  ILrutt  e jvfrieient  eorv=  with  vtloeily  for  the 

aeroelastic  rotor  relative  to  the  rigid  rotor  may  be  of  great  concern  at  the  higher  Mach  numbers  due  to 

the  potential  high  sensitivity  of  thrust  to  speed  and  blade  angle.  This  sensitivity  made  it  difficult  to 

control  thrust  during  the  wind  tunnel  tests  particularly  near  values  of  low  or  negative  thrust  where  ins- 
taoilities  did  occur  with  tne  aeroelastic  rotor,  and  prevented  testing  above  a  Mach  number  of  O.606  (the 
"rigid"  rotor  was  tested  to  a  Mach  number  of  0.72  with  no  indication  of  instability). 

A  summary  curve  is  shown  in  figure  19  which  compares  the  measured  cruise  efficiency  for  the 
36  degree  twisted  blade  rotor  lor  the  various  rigid  and  aeroelastic  blade  rotors  tested  since  1968  with 

the  calculated  cruise  efficiency  for  the  3omc  rotor.  At  can  be  seen  above  a  Mach  number  of  about  0.1*5  the 

test  data  shows  a  significant  lower  cruise  efficiency  than  calculated.  At  0.72  Mach  number  the  measured 
values  are  of  the  order  of  0.1*5  whereas  calculated  is  near  0.65.  The  correlation  of  the  various  test  data 
is  good  in  as  much  as  the  accuracy  of  the  test  data  is  1  0.01  in  efficiency. 

In  figure  20  is  shown  a  trace  of  a  specific  divergence  of  rotor  loadB  at  a  Mach  number  of  0.63 
with  the  aeroelastic  blades  that  prevented  any  further  tests  above  a  Mach  number  of  O.606.  As  can  be  seen, 
a  rapid  and  divergent  increase  in  thrust  (on  the  main  balance)  and  in  local  blade-element  torsion  and  chord- 
wise  stress  (measured  at  233  and  253  R,  see  figure  21)  were  measured  ;  a  blade  flutter  occurred  prior  to 
the  quick  atop  initiated  as  these  measurements  were  being  monitored.  Further  analyses  on  stress  data  mea¬ 
sured  on  this  elastic  rotor,  taken  at  10  degree  angle  of  attack  at  low  Mach  number  ( figure  21 ) ,  in  an  ef¬ 
fort  to  letht  JiMdfcf-itJl 3  Lh»  pfetiJvru  t1  ut  Iliac  urtSufllsned  furing  Uu  tesla.  Bill  It  mdet  Id  fS- 

membered  that  the  ."Mach  number  of  0.63  where  the  instability  or  flutter  occurred  is  significantly  above  the 
anticipated  design  cruise  Mach  number  of  about  0.1*6  for  potential  tilt  rotor  type  aircraft  being  consi¬ 
dered. 


RKFERKHCE 
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RECENT  DEVELOPMENTS  IN 
CIRCULATION  CONTROL  ROTOR  TECHNOLOGY 

by 

Robert  Williams 
Rotary  Wing  Division 
Aviation  and  Surface  Effects  Department 
Naval  Ship  Research  and  Development  Center* 

Bethesda,  Maryland  20034 


SUMMARY 

The  results  of  recent  research  on  the  historical  concept  of  circulation  control  applied  to  rotor  blades 
is  presented.  A  high  speed  helicopter  application  is  used  to  illustrate  the  potential  of  thi3  rotor  for  a 
major  breakthrough  in  the  areas  of  rotor  efficiency,  parasite  drag  and  weights  leading  to  a  large  Improvement 
in  aircraft  productivity.  Details  of  the  hover,  transition  and  high  speed  cruise  performance  are  presented. 
Some  problems  of  autorotation,  vibrations  and  blade  dynamics  are  also  discussed. 

LIST  OP  SYMBOLS 

ba  Amplitude  of  second  harmonic  blade  pressure 
control 

Coefficient  of  radial  skin  friction 
CTD  Rotor  lift  Ci  efficient  (L/oSV3  ) 

Ln  '  Hi? 

C.  Rotor  lift  coefficient  based  on  freestream 
dynamic  pressure  (l^LR) 
n3 

D  Parasite  drag,  lbs. 

f  Flat  plate  drag  area  (D/q),  ft3 

L  Rotor  lift,  lbs. 

L/De  Equivalent  lift  drag  ratio 

Advancing  tip  Mach  number 

p  Maximum  compressor  output  pressure,  lb/ft 3 

max 

P_  Compressor  inlet  total  pressure,  lb/ft3 

h 

1.0  INTRODUCTION 

Under  the  ligpetus  of  U.  S.  Navy  need  for  Improved  helicopter  capability,  the  Circulation  Control  Rotor 
(CCR)  is  currently  undergoing  what  may  be  considered  as  roughly  the  fourth  evolutionary  phase  of  its 
development.  Its  history  has  in  truth  been  one  of  international  contributions  from  some  of  the  world's 
leading  aerodynamicists.  In  its  present  form  (Figure  l)  the  CCR  has  retained  many  of  the  attributes  of  the 
French  Blown  Flap  Rotor  [1-3],  the  U.  K.  Circulation  Control  Rotor  [4-5],  and  the  U.  S.  Pure  Jet  Flap  Rotor 
[6-7].  In  addition  the  CCR  has  utilized  many  of  the  important  developments  of  jet  flaps,  boundary  layer 
control  systems  and  coanda  flows  to  evolve  airfoils  suitable  for  helicopter  rotors  [8-13],  The  major 
concentration  of  the  present  CCR  effort  at  NSRDC  has  been  to  develop  airfoils  which  have  good  overall 
efficiency  over  a  wide  range  of  lift  coefficient  and  Mach  number,  where  the  lift  is  developed  primarily  by 
boundary  layer  control  at  small  incidence.**  The  efficient  design  of  Lhe  coanda  Jet  region  at  the  trailing 
edge  permits  the  airfoil  to  develop  high  lift  coefficients  with  only  ten  to  twenty  percent  of  the  compressor 
power  normally  required  for  a  blown  flap  or  jet  flap  system.  Other  features  include:  relatively  high  thrust 
recovery,  high  critical  Mach  number,  maximum  lift  coefficients  near  the  theoretical  limit  for  attached  flow, 
and  the  unique  property  of  developing  lift  independently  of  both  incidence  and  velocity  (with  certain 
constraints).  Soon  possible  adverse  features  include  relatively  high  pitching  moments  with  a  variable 
aerodynamic  center,  sensitivity  to  angle  of  attack,  and  possible  deleterious  Jet  compressibility  effects. 

The  airfoils  are  generally  designed  for  operation  near  zero  angle  of  attack  so  that  the  airfoil  shape  may  be 
prescribed  to  achieve  good  efficiency  over  the  required  lift  coefficient  and  Mach  number  range,  subject  only 
to  the  geometric  constraints  of  the  trailing  edge  design.  In  general  the  rotor  section  requirements  are  for 
high  lift  coefficients  end  relatively  low  Mach  numbers  on  the  inboard  sections  and  lower  lift  coefficients 
and  high  Mach  numbers  on  the  outboard  sections.  The  efficiency  considerations  then  lead  to  a  tapered  blade 
varying  from  twenty  to  fifty  percent  thickness  at  the  root  section  and  ten  to  fifteen  percent  at  the  tip  and 
with  the  trailing  edge  design  varying  from  near  circular  at  the  root  to  near  elliptical  at  the  tip.  The 
particular  geometry  selection  depends  primarily  on  the  maximum  speed  requirement  of  the  helicopter, 

A  typical  rotor  geometry  is  illustrated  in  Figure  1  for  a  single  slotted  "low  speed”  concept  (less  than 
200  knots).  Hie  thickness  awl  trailing  edge  curvature  are  prescribed  to  give  high  thrust  recovery  near  the 
tip  region,  maximum  lift  augmentation  on  inboard  sections  and  good  efficiency  all  along  the  blade  span.  For 
higher  speeds  than  about  200  knots  a  second  slot  and  air  chamber  is  added  on  the  leading  edge  as  shown  in 
Figure  2.  This  slot  is  blown  only  in  the  reversed  flow  region  of  the  retreating  side.  In  this  manner  the 


*  Formerly  the  David  Taylor  Model  Basin 

**  A  recent  suamary  of  CC  airfoil  development  and  the  basic  rotor  principles  has  been  described  at  the  1972 
American  Helicopter  Society  Meeting  and  the  reader  is  referred  to  reference  14  for  this  background 
Information. 


S  Rotor  disc  area,  ft8 

T  Rotor  thrust,  lb. 

V  Velocity,  knots 

V,jjp  Rotational  tip  speed,  ft/sec 

W  Weight,  lb. 

w/c  Slot  height  to  chord  ratio 

0g  Rotor  shaft  angle,  deg. 

0C  Collective  pitch,  deg. 

I,,  Advance  ratio 

p  Density,  ulugs/ft3 

o  Rotor  solidity  ratio 

^  Natural  frequency,  radians/sec. 
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historical  problems  of  retreating  blade  stall  and  negative  lift  are  sensibly  eliminated  If  the  rotational 
speed  ( RFM)  is  kept  low  by  use  of  the  high  section  lift  capability,  the  rotor  is  aerodynamically  capable  of 
achieving  speeds  in  excess  of  400  knots  with  very  high  efficiencies.  Figure  3  illustrates  an  application  of 
the  latter  concept  to  an  advanced  high  speed  helicopter  having  auxiliary  propulsion.  This  high  speed  rotor 
represents  the  fullest  exploitation  of  the  aerodynamic  potential  of  the  CCR  and  will  be  used  as  an  example 
in  this  paper.  However,  it  should  be  noted  that  several  other  variants  of  CCR  design  are  possible  which 
emphasize  capabilities  other  than  speed.  For  example,  the  control  system  can  be  entirely  made  of  simple, 
non-dynamic  components  as  shown  in  figure  4,  therefore  reducing  the  associated  maintenance.  Higher  harmonic 
azimuthal  variations  of  blowing  can  be  introduced  to  reduce  helicopter  vibrations  and  alternating  blade 
stresses.  The  noise  levels  of  rotors  can  also  be  significantly  reduced  by  lowering  tip  speeds  and  using 
the  greater  available  lift  coefficients.  Excellent  hover  performance  may  be  obtained  by  distributing  slot 
height  to  optimize  span  load  distribution.  Helicopter  load  capacity  and  maneuverability  may  be  enhanced  by 
the  greatly  increased  thrust  capability  and  control  power.  Blade  chord  and  twist  may  also  be  reduced,  possibly 
reducing  weight  and  vibratory  stresses.  Many  of  these  claims  are  historical  in  nature  and  have  been  the 
subject  of  technical  speculation  for  years.  Clearly,  some  of  them  are  in  opposition  with  each  other  so  that 
often  one  is  obtained  at  the  expense  of  another.  However,  the  increased  design  flexibility  can  no  longer 
be  disputed.  Recent  model  test  results  at  the  Aviation  and  Surface  Effects  Department  of  NSRDC  (figures 
5a,  b)  and  previous  tests  at  the  National  Gas  Turbine  Establishment  (NGTE)  have  firmly  established  their 
validity.  In  point  of  fact  the  low  speed  characteristics  of  the  CCR  are  now  sufficiently  well  in  hand  that 
the  U.  S.  Navy  has  initiated  a  low  speed  flight  demonstrator  program.  The  major  objective  of  this  program 
is  to  simplify  the  rotor  hub  and  controls  and  improve  helicopter  readiness,  as  well  as  to  provide  a  research 
vehicle  to  exploit  some  of  the  other  features  mentioned  above.  Figure  4  illustrates  one  of  the  hub  control 
systems  being  considered  for  this  demonstrator  which  has  been  successfully  tested  on  a  seven  foot  model  CCR 
at  NSRDC.***  The  system  consists  of  a  non-rotating  circular  cam  mounted  slightly  eccentric  to  the  center 
of  the  rotor  hub  with  an  air  gap  between  the  cam  and  the  blade  nozzles.  As  the  blades  rotate  about  the 
(fixed)  circular  cam  the  gap  width  varies  and  the  air  flow  is  modulated.  For  a  given  flight  condition  the 
amplitude  is  determined  by  raising  or  lowering  the  cam  while  the  phasing  is  obtained  by  a  rotation.  At 
present  it  appears  that  the  rotor  will  also  require  a  collective  pitch  or  incidence  setting  in  order  to 
permit  autorotation  and  to  give  minimum  hover  power  (although  on  certain  designs  it  may  be  possible  to 
eliminate  this  control  entirely).  It  is  envisioned  that  this  control  would  be  a  single  propeller  pitch 
type  of  control  programmed  to  vary  as  a  function  of  flight  speed  and  would  not  be  a  primary  flight  control. 


The  demonstrator  program  represents  the  first  of  a  new  generation  of  helicopters  which  may  include  all 
types  from  heavy  lift  to  the  very  high  speed  version  shown  in  Figure  3.  The  high  speed  design  will  be 
discussed  in  detail  in  this  paper  because  it  operates  in  al 1  the  possible  flight  regimes  and  as  such  serves 
as  a  good  example.  Additionally  the  rotor  performance  is  based  on  calculations  which  have  been  at  least 
partially  validated  by  the  test  results  of  the  reverse  blowing  rotor  model  of  Figure  5.  Clearly,  however, 
the  performance  predicted  for  the  high  speed  design  should  not  be  applied  arbitrarily  to  other  types  which 
have  different  design  requirements. 


The  paper  is  divided  into  three  major  sections.  The  first  addresses  the  general  area  of  high  speed 
helicopter  limitations  and  design  and  attempts  to  show  the  potential  of  the  CCR  for  achieving  a  balanced 
design  concept.  The  second  section  discusses  in  some  detail  the  calculated  aerodynamic  performance  of  the 
CCR  in  hover,  cruise  and  transitional  flight.  The  third  section  addresses  some  long  standing  questions  of 
autcrotation,  blade  dynamics  and  vibrations  at  high  speeds. 


2.0  MAJOR  LIMITATIONS  OF  HIGH  SPEED  HELICOPTERS 

The  aerodynamic  feasibility  of  extending  rotor  borne  speeds  to  300-400  knots  has  been  essentially 
demonstrated  with  experiment  and  theory  by  three  rotor  concepts.  These  are:  the  coaxial  rotor,  characterized 
by  the  Advancing  Blade  Concept  [15,  16,  17];  the  pitch  control  rotor  characterized  by  the  Reverse  Velocity 
Rotor  ( RVR)  [18,  19];  and  the  reverse  blowing  rotor  or  high  speed  variant  of  the  Circulation  Control  Rotor 
[ l4 -  20,  21].  All  three  rotor  systems  operate  at  high  advance  ratios  (^  «  1.0)  in  a  thrust  compounded,  semi- 
autorotative  condition.  All  three  use  (or  contemplate  using)  double  ended  airfoils  with  maximum  thickness 
near  mid  chord  in  order  to  efficiently  utilize  the  reversed  flow  region.  In  order  to  reach  the  high  advance 
ratio  condition  representative  of  cruise  at  300-400  knots  all  of  the  rotors  must  fly  through  the  difficult 
p,  =  0.7  transition  regime  where  the  retreating  blade  develops  little  lift  due  to  the  low  dynamic  pressure. 

The  coaxial  accomplishes  this  by  contra-rotating  the  two  rotorB  and  essentially  neglecting  the  retreating 
blade  stall;  the  pitch  control  rotor  by  using  a  second  harmonic  of  pitch  control  to  carry  more  lift  on  the 
front  and  aft  portion  of  tv.«  Use;  the  CCf.  ty  vicing  a  teconi  hm.A-.ic  of  cyclic  hlowii^  control,  high  lift 
airfoils  and  by  the  use  of  simultaneous  leading  and  trailing  edge  bloving  on  the  retreating  side  which 
permits  lift  to  be  developed  independently  of  the  relative  wind  direction.  Each  system  incurs  performance 
*jt  t!«  ability  ho  ftra  xltlufe  w*'  rttni  at  ■  pw’a,  Then*  peijtJLtlw-s  <rw  {v*WTlly  Ir  the 
areas  of  (l)  rotor  llftlry;  efficiency,  (2)  parasite  drag  and  ( 7;  rotor  and  hub  system  weight B.  Significant 
advances  must  be  made  in  all  thrse  areas  before  the  high  speed  helicopter  can  attain  productivity  levels 
competitive  with  other-  proposed  forms  of  VTOL.  The  following  section  illustrates  how  the  CCR  may  effect 
improvements  in  these  key  areas. 


2.1  Rotor  Efficiency 


!4/tux  efflCldhCy  is  Cuatuiuea  t,y  hwVei-  Fxgu.e  of  *hilL  (or  poWCi  lo<alii-ig}  Ol.d  rotor 

equivalent  lift  to  drag  ratio.  The  latter  is  given  by  the  generalized  equation: 


(VDeUnvw,  =  (SHF  +  HPe)  +  D,  +  D,,) 


ROTOR 

where  L  is  the  total  lift  developed  by  the  rotor  at  speed  V  with  rotor  shaft  power  SKP,  compressor  power 


HP  ,  rotor  drag  D,  and  momentum  drag  D...  The  compressor  power  and  intake  momentum  "ram"  drag  account  for 


the  additional  energy  penalties  of  n  blown  rotor  s  :ch  as  the  CCR. 


***  The  development  and  testing  of  the  model  rotor  and  3ontro?.s  hns  been  conducted  under  the  leadership  of 
Mr.  J.  B.  Wilkerson  of  the  Rotary  Wing  Division,  NSRDC,  and  will  be  reported  subsequently. 
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In  general,  all  three  of  the  high  speed  rotors  discussed  above  cruise  near  zero  shaft  power  (SHP)  in  a 
semi-autorotatlve  condition.  The  critical  factor  in  determining  (L/De)R0TQR  is  therefore  the  rotor  drag  for 
conventional  types  and  the  rotor  drag,  momentum  drag  and  compressor  powerfor  the  CCR.  The  problem  of 
defining  the  rotor  drag  is  difficult,  both  experimentally  arid  theoretically.  From  an  experimental  standpoint 
the  rotor  hub  tares  are  usually  of  the  same  order  as  the  rotor  drag  itself.  Furthermore  the  superposition 
method  of  removing  tares  is  itself  very  questionable  because  a  rather  strong,  favorable  interference  effect 
may  occur.  From  a  theoretical  standpoint  it  is  necessary  to  recognize  that  the  radial  component  of  flow  is 
significant  at  high  advance  ratios  and  the  neglect  of  this  term  may  lead  to  large  errors,  particularly  in 
the  rotor  drag.  'The  impact  of  this  effect  on  rotor  design  is  to  require  the  minimum  solidity  ratio  possible 
in  order  to  minimize  rotor  drag.  For  the  CCR  and  pitch  control  rotor  the  critical  solidity  design 
requirement  occurs  at  che  transition  advance  ratio  of  u  =  0.7  where  rotor  lift  capability  is  a  minimum.  For 
the  coaxial  the  solidity  is  determined  by  quite  different  requirements  for  vibrations,  structure  and  stiffness. 
Typically  the  CCR  requires  only  about  sixty  percent  of  the  solidity  ratio  of  the  "conventional"  rotor  systems 
and  largely  for  this  reason  tends  to  have  significantly  higher  rotor  L/Dg.  In  fact  its  efficiency  can 
actually  surpass  that  of  a  fixed  wing  VTOL  as  shown  in  Figure  6.  It  should  be  noted  that  the  CCR  curve 
shown  represents  an  envelope  of  rotor  designs  for  different  speeds  and  as  such  represents  no  single 
configuration. 

The  second  efficiency  consideration  for  a  high  speed  helicopter  is  the  hover  Figure  of  Merit.  It  is 
well  known  that  any  rotor  design  represents  a  compromise  between  the  hover  efficiency  requirement  for  high 
blade  twist  and  low  solidity  and  the  opposite  cruise  requirement.  This  situation  may  be  aggravated  with  very 
high  speed  (300-400  knot)  helicopters  by  the  desirability  to  operate  with  low  hover  tip  speeds  so  that  at 
cruise  speed  the  required  rotor  RPM  reduction  for  compressibility  effects  may  be  minimized  ( dynamic/ structural 
constraint).  This  requirement  in  turn  leads  to  hover  operation  at  high  thrust  coefficients  and,  if  the 
solidity  ratio  is  low,  at  high  CTR/  c-  The  conventional  high  speed  rotor  system  encounters  serious  difficulty 
under  such  conditions  because  theaouble  ended  airfoils  have  relatively  low  efficiency.  Even  if  higher 
solidity  ratios  are  used  (with  the  associated  cruise  efficiency  losses)  the  basic  high  speed  requirement  for 
zero  twist  (dynamic/structural  constraint)  gives  rise  to  large  induced  power  losses.  Contrasting  with  this 
situation  the  CCR  develops  effective  aerodynamic  twist  by  varying  the  slot  height  and  chordwise  position 
along  the  span.  The  fundamental  efficiency  characteristics  of  the  airfoils  then  lead  to  excellent  hover 
Figure  of  Merit  over  a  wide  range  as  shown  in  Figure  7. 

2.2  Effect  of  Parasite  Drag  on  Overall  Efficiency 

Figure  8  presents  historical  data  showing  the  variation  of  vehicle  parasite  drag  with  gross  weight. 
Generally  the  data  ear.  U  grouped  Into  aerody nuES.eJ.ly  "unrefined"  helicopters ,  "clean"  helicopters.,  Mil 
fixed! wing  aircraft  (minus  wing  profile  drag).  Also  it  may  be  noted  that;  the  "unrefined"  typeB  follow  a 
f  *  W?  law  (due  to  the  dominance  of  separation  drag)  rather  th  "  a  f  o-  W5  law  which  the  fixed  wing  aircraft 
fblT  "bo  "eUt/i"  tarpce  sepjMWjt  elhbst  wcptuinental  hallo  vUr-  or  m4ui!  pfe-JurUdf  types 
at  least  partially  designed  for  low  drag.  The  “goal"  curve  represents  the  drag  levels  estimated  for 
helicopters  equipped  with  the  CCR  and  designed  from  the  outset  for  low  drag.  These  latter  vehicles  would  in 
all  probability  differ  greatly  with  current  rotary  wing  and  even  fixed  wing  design  practice.  The  need  for 
such  a  radical  apprise  is  shown  In  Figure  9  where  the  total  aircraft  equivalent  lift  drag  ratio  (range  is 
proportional  to  this  parameter)  is  plotted  against  the  rotor  lifting  efficiency  for  various  drag  "families" 
and  gross  weights.  It  Is  immediately  clear  from  these  trends  that  for  "clean"  types  little  benefit  in 
aircraft  efficiency  can  be  achieved  by  increasing  the  rotor  lifting  efficiency  beyond  about  10,0.  Further 
improvements  can  only  be  accomplished  by  reducing  the  parasitic  drag,  even  at  a  cost  in  rotor  efficiency. 

Figure  10  presents  similar  trends  but  showing  the  effect  of  speed  and  altitude  for  the  "goal"  drag  of  the 

IT*!,  «b»b  th*  unit#  nffttUhiUr  <*1U  ftgnificset 

The  next  question  is  of  course  how  to  reduce  drag.  Some  inBight  may  be  obtained  by  studying  the  origin 
of  helicopter  drag.  The  table  below  gives  a  drag  breakdown  of  the  CH-53A. 


COMPONENT 

PERCENTAGE 

Basic  Fuselage 

.16 

Protuberances,  Antennae 

6 

Main  Rotor  Pylon  &  Hub 

4o 

Sponsons/Landing  gear 

11 

Engine/Leakage/Momentum 

14 

Tail  Rotor/Surfaces 

13 

100 

Surprisingly  the  basic  fuselage  contributes  only  16  percent  of  the  total  drag  while  the  hub  and  pylon 
area  account  for  40  percent!  This  result  is  typical  of  present  helicoptei  designs  in  the  higher  weight 
ranges.  It  indicates  that  the  major  source  of  drag  is  basically  separated  flow  in  areas  of  high  interference 
velocities.  Flgu.t  11  presents  a  typical  ciuoe  sectional  area  distribution  of  the  CH-53A  ahowi.ig  that  in 
the  hub-pylon  region  the  area  is  maximum.  Furthermore,  because  of  the  separated  wake  from  these  components, 
an  effective  area  magnification  factor  occurs  due  to  the  wake  blockage.  The  result  is  of  course  very  high 
interference  velocities  followed  by  steep  adverse  pressure  gradients  which  in  turn  may  lead  to  further 
separation.  The  rather  disappointing  results  with  contoured  fairings  in  this  region  can  be  explained 
basically  by  these  two  effects.  The  interacting  flow  fields  of  the  pylon  ramp,  pylon,  shaft,  hub  and  blade 
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Figure  12.  In  order  to  achieve  significant  drug  reduction  in  this  region  boundary  layer  control  may  be 
incorporated  as  a  "fix"  F 22] .  More  fundunent  illy  however,  what  is  needed  is  (1)  to  eliminate  the  peak 
interference  velocities  by  gross  redistribution  of  cross  sectional  area  and  (2)  to  contour  the  localized 
interference  regions  around  the  pylon  to  avoi  1  the  sudden  deceleration  of  flow  in  the  boundary  layer.  The 
high  apeed  CIRCULATION  CONTROL  ROTOR  offers  several  interesting  possibilities  in  this  regard.  First,  by 
using  very  rigid  blades,  it  promises  to  greatly  reduce  the  "hump  back"  requirement  of  flapping  rotors. 
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The  fuselage  contour  can  be  quite  streamlined  with  the  rotor  mounted  in  close  proximity.  Second,  virtually 
all  the  control  system  may  be  submerged  in  the  fuselage  proper,  essentially  eliminating  a  "hub"  as  such  and 
the  associated  blockage.  Finally,  under  cruise  condition  the  compressor  power  requirement  becomes  relatively 
small  leaving  a  useful  air  supply  available  for  suppressing  possible  localized  separation  areas  (as  on  the 
rotor  shaft  for  example) . 

The  other  areas  of  high  parasite  drag  can  be  approached  using  the  same  principle  of  minimizing 
interference.  Because  of  the  relatively  small  contribution  of  the  fuselage  it  appears  profitable  to  make 
as  many  components  as  possible  conformal  with  the  basic  shape.  Stores,  landing  gear,  spcnsons  and  extra 
fuel  tanks  fall  in  this  category.  Careful  integration  of  the  auxiliary  propulsion  fan,  possibly  within  the 
basic  fuselage,  will  further  reduce  interference.  Certainly  the  use  of  a  fan-ln-tail  or  similar  low  drag 
device  is  mandatory  in  any  high  speed  design. 

The  helicopter  is  a  unique  device  from  the  standpoint  of  drag.  Unlike  a  fixed  wing  aircraft  it  does 
not  require  a  high  fineness  ratio  fuselage  for  stability  reasons  (the  optimum  fineness  ratio  without 
inter-  >nce  is  only  3.7);  rather,  it  can  obtain  its  basic  stability  from  the  main  rotor  and  tail  fan.  In 
effect  it  has  an  active  control  system.  Furthermore  it  has  only  one  major  interference  surface  (the  pylon) 
as  opposed  to  two  for  the  fixed  wing  aircraft.  It  is  Interesting  indeed  to  speculate  whether  a  helicopter 
designed  using  a  "subsonic  area  rule"  criteria  could  in  fact  have  lower  drag  than  a  fixed  wing  aircraft. 
Figure  13  shows  an  analytical  approach  to  this  problem  presently  underway  at  NSRDC.  The  fuselage  i6 
mathematically  modeled  by  singularity  distributions  and  the  complete  inviscid  flow  field  calculated  [22,  23]. 
Streamline  paths  and  pressure  distributions  are  computed  and  approximate  turbulent  boundary  layer  criteria 
are  used  to  estimate  where  separation  may  occur.  Problem  areas  are  then  redesigned  to  preclude  separation. 

2.3  Weight  Associated  with  the  Lifting  System 

As  the  design  speed  of  VTOL  aircraft  increases  there  is  a  corresponding  increase  in  the  empty 
weight  to  gross  weight  ratio.  For  high  speed,  300-1*00  knot  helicopters,  the  major  component  weight  growth 
occurs  in  two  areas.  The  first  is  the  rotor  blade/hub/retentlon  and  control  system  weights  required  to 
transition  through  the  u  =  0.7  regime  and  to  withstand  the  stress  levels  associated  with  cruise  speeds. 

For  the  coaxial  type  system  these  weights  are  essentially  the  second  contra-rotating  rotor  and  the  very 
stiff  blades  needed  to  avoid  excessive  rotor  spacing  a*11!  dynamic/aeroelastic  instabilities.  For  the  pitch 
control  type  the  penalty  occurs  in  the  greater  i olidity  and  two  per  rev  pitch  controls  needed  to  maintain 
rotor  lift  during  transition  and  also  either  stiff  root  retention  or  tip  weights  to  prevent  excessive  blade 
flapping  and  coning. 

In  contrast  the  CCR  blade  structure  lends  itself  naturally  to  high  speed  design  by  virtue  of  reduced 
solidity,  a  simplified  control  system  and  structurally  efficient  blades.  Figure  14  illustrates  a  high 
speed,  double  slotted  blade  design  and  also  shows  a  comparison  of  the  inboard  section  stlffneoa  with  a. 
reference  0012  for  the  same  blade  weight  and  chord.  Two  possible  spar  designs  are  also  shown  schematically 
which  efficiently  close  the  torsion  box  while  allowing  the  slot  air  to  flow  with  minimum  duct  losses. 
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the  speed  and  parasitic  drag.  Here  the  hub/pylon  drag  is  the  crucial  distinction  between  the  high  speed 
rotor  types.  Estimates  of  the  percentage  of  total  drag  associated  with  the  hub,  pylor ,  and  controls  of 
conventional  types  range  from  35  to  50  percent  for  the  pitch  control  and  coaxial  types  as  compared  with  only 
11  percent  for  the  CCR. 

The  preceding  discussions  are  summarized  in  Figure  15  where  the  empty  weight  breakdowns  for  four  hiph 
speed  candidates  are  summarized.  The  computations  have  assumed  equal  gross  weight  and  limit  load  factors 
for  a  300  knot  aircraft  designed  for  the  late  1970' s.  For  the  helicopter  types  the  basic  parasite  drags 
minus  tne  nuo/pyuon  drags  were  very  close  as  indicated  by  the  figure.  The  weights  v  "h  are  attributed  to 
the  different  lifting  systems  are  indicated  separately.  The  CCR  blade  weights  are  bat-  .  on  the  coaxial  blades 
(which  have  similar  thickness  ratios)  and  adjusted  for  the  difference  in  solidity  ratio.  It  was  also 
assumed  that  the  tjjnpTesdur  tutting  weight  was  offset  ly  t't.  ■  wtigl.t  suvii.gb  adSobtcCted  ■with 

the  reduced  shaft  torque  requirement. 

Figure  16  summarizes  some  general  trends  in  empty  weight  fractions  of  VTOL  aircraft  with  speed  (for 
equal  load  factors).  It  may  be  seen  that  the  CCR  affords  the  potential  for  a  dramatic  change  in  VTOL  weight 
trends. 


2.4  Impact  of  Limitations  on  Mission  Performance 


The  preceding  sections  have  addressed  the  three  major  performance  limitations  of  high  speed 
helicopters.  The  significance  of  these  limitations  in  terms  of  performance  may  be  conveniently  estimated  as 
follows:  the  payload  fraction,  PL/GW,  is  described  in  terms  of  the  fuel  fraction,  FW/0W,  and  empty  weight 
fraction,  EW/GW,  by 


PL  .  /FW\ 
GW  =  1  GW 


HOVER 


,FW ,  _  EW 

GW  CRUISE  ™ 


PL  ,  „  SFC  '  t  •  ./r7s“  SFC  EW 

GW  58  *  WFM  ’  325  (L/De)T0TAL  '  GW 

where  t  represents  the  "equivalent"  hover  time  at  sea  level  standard  (loiter  time  may  b»  expressed  in  terms 
of  hover  time),  R  is  the  total  range  in  nautical  miles,  and  FM  is  the  "total"  Figure  of  Merit  of  the  vehicle 
including  download,  tail  rotor  and  oth»r  power  loss.  T/S  is  the  disc  loading  and  SFC  represents  the  mean 
specific  fuel  consumption. 

Figure  17  presents  a  typical  tradeoff  study  for  a  long  range  ASU  type  mission.  It  may  be  seen  that  the 
payload  fraction  is  extremely  sensitive  to  very  small  changes  in  empty  weight,  followed  by  para  ite  drag, 


L:vV M .C.-. kjlti/.- JL — 


19-5 


and  rotor  efficiency.  These  results  Indicate  that  the  CCR  potential  for  velght  reduction  should  be  fully 
exploited  even  at  the  cost  of  reduced  rotor  efficiency.  For  example,  a  stiff  flapvrlse  rotor  Is  preferred 
to  a  freely  flapping  rotor  because  the  potential  hub/pylon  drag  reduction  (propulsion  and  fuel  system 
velght  savings)  more  than  offsets  the  reduction  of  lifting  system  efficiency  associated  with  the  higher 
blade  thickness  ratios  (needed  for  obtaining  the  stiffness). 

3.0  HIGH  SPEED  CIRCULATION  CONTROL  ROTOR  PERFORMANCE 

The  basic  operation  of  the  CCR  has  been  described  in  the  literature  [14]  and  therefore  will  not  be 
repeated  herein.  Rather,  some  important  performance  details  will  be  presented  of  the  isolated  rotor 
characteristics  in  hover,  transition,  and  cruise.  The  results  shown  are  based  on  a  standard  type  computer 
atrip  theory  analysis  which  includes  airfoil  section  data  for  each  span  location  as  a  function  of  blowing 
coefficient,  angle  of  attack,  freestream  Mach  number  and  jet  Mach  number.  The  analysis  has  been  modified 
to  Include  additional  calculations  of  radial  skin  friction  drag,  compressor  and  Coriolis  horsepower, 
momentum  "ramM  drag,  and  the  radial  variation  of  ducting  losses  in  the  rotor  blade.  The  latter  computation 
accounts  for  the  various  effects  of  duct  area,  friction,  internal  obstructions,  heat  transfer  and  temperature 
variations,  centrifugal  compression  and  distributed  mass  efflux.  Generally  it  is  felt  that  the  analysis  is 
conservative  for  the  forward  flight  calculations  and  slightly  optimistic  in  hover.  The  rotor  configuration 
used  for  these  computations  is  similar  to  that  of  Figure  14  with  four  untwisted  blades,  aspect  ratio  14.3, 
constant  chord  and  constant  slot  height.  The  airfoil  shape,  slot  chordwise  position  and  trailing  edge  contour 
vary  along  the  span.  It  is  not,  however,  considered  to  be  optimum  in  design,  particularly  for  the  low  speed 
regime. 


3.1  Modes  of  Operation  of  High  Speed  CCR 

The  example  rotor  of  this  paper  is  designed  to  achieve  speeds  approaching  400  knots.  Consequently 
the  maximum  rotational  tip  speeds  cannot  exceed  approximately  350  feet  per  second  in  the  cruise  condition 
without  encountering  deleterious  compressibility  effects.  Two  avenues  are  then  open  to  the  designer; 

(1)  for  best  overall  aerodynamic  efficiency  the  hover  tip  speed  is  maintained  around  500-700  feet  per  second, 
and  then  reduced  in  forward  flight,  or  (2)  for  minimum  dynamic  and  aeroelastic  problems  the  tip  speed  is 
maintained  constant  around  350  feet  per  second.  This  latter  approach  implies  greater  solidity  (probably 
5  blades),  increased  blade  weight  and  reduced  rotor  cruise  efficiency.  However,  as  discussed  in  section  2.0 
the  designer  may  be  able  to  sacrifice  some  rotor  efficiency  without  seriously  affecting  the  overall  vehicle 
efficiency. 

Considering  the  case  with  RPM  reduction  for  the  present,  Figure  18  shows  the  various  modes  of  operation 
of  a  high  speed  CCR.  Hover  and  low  speed  flight  are  identical  with  a  conventional  helicopter  or  compound. 
Propulsion  is  provided  by  the  rotor  or  by  auxiliary  means  such  as  a  propeller  or  fan.  As  the  advance  ratio 
reaches  u  =  0.4  the  reverse  blowing  and  second  harmonic  blowing  controls  are  turned  on  to  provide  maximum 
lift  capability  through  transition.  The  aircraft  continues  to  accelerate  up  to  250  knots  In  a  level  attitude 
where  it  initiates  a  fifty  percent  rotor  RPM  reduction.  The  second  harmonic  control  is  then  turned  off  and 
the  rotor  is  flown  up  to  cruise  speed.  The  collective  pitch  variation  is  automatically  varied  with  rotor 
RIW  and  pitot  pressure  and  becomes  zero  after  the  transition  maneuver.  Figure  lo  also  Shows  the  variation 
of  rotor  and  aircraft  efficiency  over  the  speed  and  advance  ratio  range.  An  efficiency  of  eighty  percent 
is  assumed  for  the  auxiliary  propulsion  device  and  eighty  five  percent  for  the  compressor.  The  total  and 
cjmpTteiof  rt^uircmsTitr  peak  ^  —  v*  i  '»i,i  m^idly  during  RHi  reductlvt,  to  l.ob  than  naif  of 

this  value.  At  the  400  knot  cruise  speed  the  ram  head  total  pressure  rise  is  more  than  sufficient  to 
provide  the  blowing  required. 

3.2  Hover  Performance 


The  capability  of  the  CCR  to  achieve  high  hover  efficiency  has  been  noted  previously.  Figure  19 
shows  the  span  load  distributions  which  can  be  achieved  with  the  untwisted  rotor  of  this  study  (Figure  14). 

The  "Ideal"  loading  for  minimum  induced  power  as  derived  from  the  Lock-Goldstein  theory  is  also  shown  for 
comparison.  Figure  20  compares  the  computed  downwash  distributions  and  indicates  that  very  close  to  a  constant 
downwash  distribution  can  be  obtained.  An  empirical  correctim  has  been  added  to  the  analysis  to  account 
for  the  tip  vortex  impingement.  Figure  21  presents  a  typical  variation  of  power  components  in  the  hover 
mode  and  confirms  that  the  induced  power  is  very  close  to  the  ideal  actuator  disc  value.  The  tradeoff  in 
profile,  compressor  and  coriolis  power  is  also  shown  indicating  that  the  minimum  occurs  with  very  low 
blowing  rates  and  significant  angle  of  attack  lift.  Figure  22  summarizes  the  isolated  rotor  hover  performance 
for  the  high  speed  rotor. 

3.3  Forward  Flight 

The  variation  of  rotor  lifting  system  efficiency  as  a  function  of  speed  and  advance  ratio  is 
presented  in  Figure  23.  The  performance  shown  is  nonoptimum  but  the  general  trend  with  advance  ratio  and 
disc  loading  is  typical.  The  trend  of  increasing  efficiency  with  advance  ratio  is  gradually  offset  at  very 
high  speeds  by  advancing  blade  compressibility  losses.  No  three  dimensional  tip  relief  has  been  assumed  in 
this  example  although  this  could  amount  to  approximately  0,10  Mach  number  for  the  fifteen  percent  elliptical 
tip  section.  The  discontinuity  in  the  curves  at  the  transition  speed  corresponds  to  the  rapid  reduction  in 
power  required  as  the  rotor  RFM  is  reduced.  Figure  24  illustrates  the  benefit  of  reducing  tip  speed  further 
at  400  knots,  hence  increasing  advance  tatlo  and  decreasing  compressibility  losses.  A  limiting  case  at 
y,  =  200  is  also  shown  to  indicate  the  upper  bound  on  efficiency.  It  is  evident  that  stopping  the  rotor  would 
not  result  in  a  substantial  improvement  in  the  lift  system  efficiency.  Figure  25  illustrates  the  potential 
benefit  due  tu  operation  at  altitude  where  the  i  adioi  fie*  oklft  friction  drag  is  reduced,  ili  actual 
applications  these  higher  altitudes  would  be  used  to  minimize  the  parasite  drag  penalty  of  the  fuselage, 
similar  to  a  fixed  wing  aircraft. 
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3.4  Effect  of  Radial  Flow 


As  previously  noted  the  effect  of  radial  flow  on  the  rotor  drag  can  become  very  important  at  high 
advance  ratios.  Its  effect  on  torque  is  usually  much  less  significant  because  the  rotor  operates  in  a 
semi-autorotative  mode.  The  difference  between  the  classical  and  radial  flow  computation  is  strongly 
emphasized  in  Figure  26  where  the  radial  skin  friction  coefficient  is  assumed  to  be  Cj.  =  0.0  (classical) 
and  Cf  =  0.0045  (radial  flow).  In  practice  it  may  be  possible  to  achieve  Cf  «  0.002  due  to  unsteady  effects 
and  low  Reynolds  numbers.  For  all  of  the  rotor  performance  examples  in  this  paper  a  value  of  Cf  =  0.0045 
has  been  assumed.  The  impact  of  the  radial  flow  results  on  rotor  design  is  to  require  the  minimum  solidity 
ratio  possible  consistent  with  the  maximum  thrust  transition  requirements  discussed  next.  — 

3.5  Transitional  Flight 

As  the  rotor  accelerates  to  higher  speeds  the  very  high  parasite  drag  forces  the  rotor  to  resort 
to  auxiliary  thrust  and  to  operate  near  zero  shaft  angle.  At  |j.  =  0.7  the  retreating  blade  encounters  the 
lowest  average  dynamic  pressure  in  the  flight  regime  with  reverse  flow  over  the  inboard  70  percent  and 
forward  flow  over  the  outboard  30  percent.  This  condition  represents  the  critical  design  point  for  the  OCR 
which  determines  the  minimum  solidity  ratio. 

Three  unique  mechanisms  are  employed  on  the  CCR  to  permit  transition  with  relatively  low  solidity.  The 
first  is  simply  the  large  lift  capability  of  the  airfoils  but  this  advantage  is  somewhat  offset  by  the  special 
contouring  of  the  trailing  edge  to  give  low  drag  at  high  Mach  numbers.  The  second  mechanism  is  the  use  of 
second  harmonic  cylic  air  modulation  to  heavily  load  the  fore  and  aft  quadrants  of  the  disc  while  unloading 
the  lateral  quadrants.  In  effect  the  roll  trim  problem  is  reduced  while  the  maximum  thrust  capability  is 
greatly  enhanced.  In  addition  the  compressor  power  consumption  is  also  alleviated  by  this  means.  The  third 
mechanism  is  the  unique  phenomena  of  "dual  slot  blowing"  whereby  both  the  leading  and  trailing  edge  slots 
are  blown  sin.. ’ ■“  -neously  (in  the  mixed  flow  region  of  the  disc)  and  lift  may  be  developed  with  the  relative 
wind  coming  from  either  direction.  Some  interference  does  occur  due  to  the  flow  at  the  leading  edge  slot, 
however,  airfoil  tests  to  date  indicate  the  phenomena  is  essentially  as  described. 

Figure  27  shows  the  maximum  lifting  capability  of  the  CCR  with  advance  ratio  and  indicating  the 
advantageous  effect  of  reverse  blowing,  second  harmonic  control  and  a  larger  slot  height  to  chord  ratio 
(w/c  =  0.003,  also  with  second  harmonic  control  and  reverse  blowing).  The  curve  clearly  shows  that  the 
critical  lift  condition  occurs  at  n  =  0.7.  Translating  these  results  into  an  actual  rotor  design  at  a  speed 
of  '50  knots  yields  a  minimum  solidity  ratio  of  a  =  ( T/S ) /  157  for  the  lower  slot  height  design  (w/c  =  0.002), 
For  a  design  disc  loading  of  T/S  =  10  lb/ft?  and  with  a  1.4g  maneuver  margin  the  required  solidity  ratio  is 
only  c  =  0.0891. 

Figure  28  shows  the  effect  of  solidity  ratio  on  the  maximum  lifting  efficiency  at  400  knots.  Also  shown 
are  design  lines  for  the  11  =  0.7  transition  condition.  This  figure  depicts  the  principle  design  trade  off 
for  the  high  speed  CCR,  Tie  influence  of  the  larger  slot  height  to  chord  ratio,  cruise  altitude,  design 
cruise  speed  and  advancing  tip  Mach  number  would  also  be  considered  in  a  final  design  study.  In  addition 
a  linearly  increasing  slot  height  distribution,  blade  planform  taper  and  more  efficient  blowing  schedule 
also  appear  advantageous  so  that  a  significant  improvement  in  maximum  rotor  efficiency  should  be  possible 
over  the  relatively  high  values  of  the  present  example.  However,  before  refining  the  aerodynamic  design 
much  further  it  is  necessary  to  consider  some  possible  nonaerodynamic  constraints  which  may  impact  strongly 
on  the  design. 

4.0  OTHER  ASPECTS 

In  this  section  some  other  features  of  the  CCR  are  described  and  some  potential  problems  requiring  further 
study  are  discussed. 

4.1  Autorotation 


The  steady  state  auturotative  performance  of  the  CCR  has  been  analyzed  in  the  low  speed  mode.  The 
results  are  presented  in  Figure  29  for  one  disc  loading.  Acceptable  rates  of  descent  appear  possible  down 
to  low  ground  speeds  where  the  landing  transition  maneuver  would  begin.  Interestingly  a  relatively  high 
disc  loading  of  8.0  psf  has  a  lower  rate  of  descent  for  the  condition  studied.  The  success  of  CCR 
autorotation  will  probably  depend  heavily  on  the  ability  of  the  compressor  to  match  the  rotor  requirement 
through  autorotation.  At  present  it  is  envisioned  that  this  compressor  would  be  installed  on  the  engine 
shaft  ahead  uf  voi  integral  with)  the  engine  compressor  so  that  it  could  be  driven  by  the  rotor  in 
autorotation  and  also  would  reduce  the  transmission  weights  by  removing  power  from  the  turbine  shaft.  Some 
means  of  obtaining  variable  pressure  ratio  and  mass  flow  would  then  have  to  be  incorporated  as  Indicated  by 
the  compressor  requirements  of  Figure  29. 

4.2  Natural  Frequencies  and  Blade  Dynamics 

The  possibility  of  torsional  instability  or  divergence  caused  by  relatively  high  mid  chord  pitching 
moments  requires  the  CCR  to  be  very  stiff  in  the  torsion  mode.  In  addition  the  possibility  of  flapping 
instability  at  high  advance  ratios  and  the  quite  separate  requirement  of  a  low  rotor- fuselage  clearance  for 
minimum  parasite  drag  tend  to  require  a  stiff  rotor  in  the  flapping  direction.  These  constraints  are 
compatible  with  the  natural  tendency  of  the  CCR  blades  to  be  quite  stiff  in  torsion  and  bending.  For  RPM 
reduction  the  slope  of  the  bending  mode  curve  can  be  altered  by  using  coning  if  resonance  is  a  problem. 

The  Selection  of  the  lnplai.c  stifliieas  Is  soncA/hst  open  to  ipieatlbh.  It  depends  on  both  the  bending 

stiffness  ( inplane  Coriolis  forces  due  to  flapping)  and  on  the  range  of  RPM  reduction.  A  distinct 

'sibility  of  inplane  resonance  exists  if  the  first  inplane  blade  mode  crosses  the  two  per  rev  excitation 
it'ie  (.Jim  tc  t?«  relatively  hi#,  twr.  mr  res  Mtrodfr  «Hlc  fttwU  ft  «d&  this  jiortlfcHAty  M#  Mbit 
have  to  be  quite  stiff  in  this  mode  also.  Figure  30  illustrates  a  possible  choice  of  frequency  placement 
for  the  example  rotor  with  a  50  percent  RPM  reduction.  The  first  inplane  mode  has  been  placed  above  the 
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two  per  rev  line  in  order  to  avoid  high  stresses  during  the  transition  maneuver.  Referring  to  the 
basic  equation  for  a  nonrotating  beam  with  linearly  varying  properties  it  can  be  noted  that  the 
inplane  natural  frequency  is  given  by: 

u>n  =  (HEt/c)°*5  ■  (=fl) 

where  H  is  a  geometric  shape  factor,  E  is  the  elastic  modulus ,  t/c  is  the  root  sect, ’on  thickness  to  chord 
ratio,  c  Is  the  rotor  solidity  ratio  and  tl  is  the  number  of  blades.  For  the  high  speed  CCR  of  Figure  14 
the  first  term  represents  a  factor  of  about  2.2  times  a  conventional  rotor  while  the  second  term  is  about 
1,4  times  so  that  for  the  four  bladed  rotor  example  of  this  paper  the  inplane  frequency  can  be  placed 
sufficiently  high  without  adding  unnecessary  solidity  (as  with  some  hingeless  rotors). 

4.3  Vibrations 

During  transition  the  CCR  is  heavily  loaded  on  the  fore  and  aft  quadrants  and  essentially  unloaded 
,n  the  lateral  quadrants.  At  high  cruise  advance  ratios  the  blade  encounters  a  region  of  essentially  zero 
tangential  velocity  twice  per  revolution.  These  extreme  conditions  impose  high  blade  loads  and  bending 
moments  which  tend  to  pass  unattenuated  to  the  rotor  hub.  Figure  31  shows  the  azimuthal  variation  of 
blade  loading  and  hub  loads  for  the  four  bladed  rotor  at  the  two  worst  vibration  conditions.  Although  these 
results  are  only  tentative,  they  do  indicate  that  four  blades  appear  to  give  acceptable  vibration  levels. 
With  five  blades  the  oscillating  vertical  shears  are  significantly  lower. 

4.4  Research  Recommendations 


The  CCR  appears  to  hold  the  potential  for  a  balanced  VTOL  design  which  can  radically  extend  the 
scope  and  application  of  the  helicopter.  Several  areas  require  further  definition,  however.  These  include 
handling  qualities,  particularly  in  the  areas  of  gust  sensitivity,  gyroscopic  coupling,  phase  lags  and 
automatic  feedback  control  systems.  The  lift  independence  characteristic  of  CC  airfoils  should  be  studied 
in  the  context  of  reduced  vibrations.  Higher  harmonic  azimuthal  blowing  controls  for  improved  performance 
and  vibration  reduction  should  also  be  studied.  The  entire  area  of  blade  dynamic  and  structural  design 
requires  detailed  study  with  special  attention  to  the  problem  of  ballistic  damage.  The  unique  power 
requirements  of  the  CCR  should  be  addressed,  possibly  with  advanced  frn/shaft  engines  using  supercharged  bypass 
air  to  supply  the  blowing  requirements. 
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VCEO.  KNOTS 

Figure  6  —  Trend  of  Rotor  Lifting  Efficisney  with  Spaed 
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Figure  15  —  Impact  of  Lifting  System  Efficiency  on  Vehicle  Empty 
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SOME  OBJECTIVES  IN  APPLYING  HINGELESS  ROTORS 
TO  HELICOPTERS  AND  V/STOL- AIRCRAFTS 

by 

H.B.  Huber 

Measerachmitt-BOlkow-Blohm  GmbH 
Ottobrunn,  Germany 


SUMMARY 

Soma  of  tha  aerodynamic,  dynamic  and  aaroalaatlc  problams  in  rotor  design  for 
hallcoptara  and  V/STOL-aircrafts  will  ba  diacuaaad  in  thia  papar.  Aftar  a  ahort  descrip- 
tion  of  tha  main  features  of  tha  hingalaaa  rotor  concapt  tha  most  important  raaaarch  and 
design  araaa  of  tha  ayatam  ara  lndicatad. 

Particular  attention  must  ba  given  to  tha  flapping  and  inplane  atiffnaaa  of  tha 
blade  root  aaction ,  tha  aerodynamic  and  dynamic  blada  daalgn,  the  rotor  hub  geometry  and 
tha  control  ayatam  flexibility.  The  papar  will  give  aoma  lnaight  into  tha  aaroalaatlc 
charactariatica  and  will  ahow  aoma  important  parameter  eenaitivitiea. 

The  analytical  and  experimental  atudiaa  include  control  and  flight  dynamic  charac¬ 
tariatica,  structural  loada,  damping  behaviour  and  aaroalaatlc  atabillty.  Analytical  re- 
aulta  are  compared  with  teat  data.  Baaed  on  thaaa  raaulta  aoma  daaign  criteria  ara  provi¬ 
ded  and  recommandatlona  ara  made  for  a  aucceasful  application  of  hingalaaa  rotor  ayatema 
on  hallcoptara  and  tilting  prop/rotor  aircrafts. 


NOTATIONS 

equivalent  hinge  offset 
aQ,  a1  flapping  coefficients 
cfl  equivalent  flapping  hinge  restraint 

Cj,  equivalent  lagging  hinge  restraint 

c(  blade  torsional  atiffnaaa 

C0£  control  system  flexibility 

Dg  blada  lag  damping 

D(g  lag  mode  damping 

dc^  chordwise  canter  of  gravity  position 

MB  blade  root  flapwise  bending  moment 

M^  blade  root  inplane  banding  moment 

M„x  control  pitching  moment 

R  rotor  radlua 

t  time 

tD,  tjj  time  to  double  or  to  half  amplitude 
T  period 

V  air  speed 

fl  flapping  angle 

BK  feathering  axis  precone  angle 

C  lead-lag  angle 

blade  sweep  angle 

6E  torsional  deflection  of  control  system 

8q  collectiv  pitch 

6C  cyclic  pitch 

6^  pitch-lag  coupling 

63  pitch-flap  coupling 

0  rotor  frequency 

<i>B  flapping  natural  frequency 

Ug  inplane  natural  frequency 

The  studies  have  been  sponsored  in  part  by  the  Ministry  of  Defence  of  the 
Federal  Republic  of  Germany 
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1.  INTRODUCTION 

Over  tha  put  years  of  Vertical-Takeoff-  and  Landing  Aircrafts  the  low  disc  loa¬ 
ding  rotor  attained  broad  aeeeptanoe.  With  Increase  of  physical  understanding  and  impro¬ 
vement  of  technical  facilities  new  types  of  rotors  are  developed  and  at  this  the  hinge¬ 
less  rotor  concept  has  been  favoured  In  recent  years. 

Theoretical  and  experimental  Investigations  have  shown  that  the  nonartlculated 
type  of  rotor  offers  advantages  and  significant  Improve a ante  in  a  n unbar  of  areas.  The 
■win  advantage  of  this  system  can  be  stated  to  be  the  large  non  wit  capability  which  can 
be  transferred  to  the  aircraft.  Thus  high  control  power  and  damping  Is  provided  resul¬ 
ting  In  good  handling  qualities  under  all  flight  conditions.  A  second  reason  for  selec¬ 
ting  hingeless  rotors  Is  the  slaplldty  of  this  systen  achieved  by  ellnlnatlon  of  hinges , 
dampers  and  all  sorts  of  blade  stops,  for  example. 

As  Indicated  by  analytical  studies  and  test  experience,  the  aerodynamic  behaviour 
Is  hardly  Influenced  by  the  type  of  blade  attachment  and  conventional  analysis  can  be 
utilised  for  rotor  aerodynamic  treatment.  Prom  the  standpoint  of  dynamic  and  aaroelastlcs 
however,  the  hingeless  rotor  represents  a  fairly  new  concept,  and  therefore  a  detailed 
study  of  the  problems  Is  necessary  for  a  successful  application  to  helicopters  and  VTOL- 
alrcraf ts . 


2.  ROLKON  application  op  hingkliss  rotors 

Slnoe  the  beginning  of  the  helicopter  activities  at  the  MRS  company  a  variety  of 
rotary  wing  projects  was  started.  The  moat  f aeons  one,  being  now  In  production  stage.  Is 
the  Llght-Utlllty-Halioopter  no  105  with  a  hingeless  type  of  rotor.  This  new  helicopter 
system  was  described  in  several  papers  (1,  2)  and  Is  well  known  today.  The  main  objective 
In  rotor  design  was  to  get  a  rotor  with  Improved  flying  qualities,  low  maintenance  and 
high  blade  life.  The  fact  that  the  rotor  system  itself  didn't  need  any  change  since  the 
design  phase  proves  that  this  work  was  dona  successfully  (Plgure  1). 

Naturally,  the  systen  was  developed  further  In  detail  and  new  effects  were  In¬ 
vestigated  on  It  over  the  years.  Thsre  was  a  tuning  of  the  blades  with  respect  to  the 
main  frequenciaa,  a  reduction  of  the  hub  slse  by  using  titanium  and  a  modification  of 
the  blades  airfoil  section.  New  effects  are  studied  with  advanced  profile  shapes  at  the 
tip  section  and  with  blades  with  Integrated  aeroelastlc  feedback  properties. 

In  order  to  provide  soma  physical  understanding,  a  short  description  of  the  BOlkow 
Rotor  System  will  be  given.  The  main  components  of  this  rotor  (Plgure  1)  are  a  very  stiff 
hub  and  fiberglass  rotor  blades, which  are  rigidly  attached  to  short  hub  arms  without 
flapping  and  lagging  hinges.  There  is  only  a  feathering  hinge  fixed  to  the  rigid  hub  arms. 
The  blade  motions  are  pitching  motion  at  the  root,  elastic  bending  In  flapwlse  and  chord- 
wise  direction  and  torsional  deflections. 

Such  types  of  hingeless  rotors  are  sometimes  regarded  as  "rigid"  rotors,  which 
would  actually  behave  like  a  rigid  structure.  In  this  respect  It  must  be  recognised  that 
In  current  designs  high  flexibility  is  used,  especially  in  the  blade  root  sections.  These 
flexibilities  determine  the  fundamental  differences  to  completely  rigid  rotors  as  wsll  as 
to  fully  articulated  rotors. 

flapping  and  inplane  flexibility  are  best  characterised  by  the  rotating  natural 
frequencies  of  the  blades  first  bending  modes.  In  the  Rdlkow  Hingeless  Rotor  System  a 
frequency  ratio  relative  to  rotor  frequency  of  about  1.10  to  1.12  is  used  In  flapping 
direction  and  a  ratio  of  about  O.C  to  0.7  In  Inplane  direction.  The  comparable  values 
of  a  typical  articulated  rotor  are  about  1.02  (flapping)  and  between  0.2  to  0.3  (Inplane) 
It  will  be  shown  In  this  paper  that  these  two  values  are  Important  characteristics  of  a 
rotor  system  with  respect  to  the  flight  dynamics,  the  aeroelastlc  stability  behaviour 
and  the  structural  loads. 


3.  REQUIRED  RESEARCH  AREAS  ON  HINGELESS  ROTORS 

As  msntioned  before,  the  hingeless  rotor  system, as  It  Is  utilised  nowadays  is  de¬ 
termined  by  the  use  of  flexibility  in  the  blades.  Thus  It  Is  far  from  a  conventional 
hinged  blade  system  and  of  course  far  from  a  "rigid"  blade  system. 


3.1  Technical  research  areas 


The  purpoee  of  figure  2  is  to  illustrate  the  most  Important  "research  areas"  on  a 
non -articulated  rotor  concept  and  to  summarise  some  of  the  problems  and  effects  associa¬ 
ted  with  the  main  blade  properties.  As  It  can  be  seen,  the  most  interesting  blade  section 
Is  the  recign  of  rotorhub  and  blada  root.  These  areas  require  particular  attention  during 
the  layout  and  design  phase. 

Ah  it  was  discussed  in  several  papers  (1,  2,  3),  the  dynamic  characteristics  of  a 
hlngeler  rotor  heliooptar  are  primarily  defined  by  the  flap  bending  stiffness  of  the  hub 
and  ble root  section.  The  else  of  the  hub  and  the  spanwise  blade  stiffness  and  mass 
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distribution  arc  tha  dstsralnlng  ptrusttri  in  this  rsspsct.  Ths  Magnitude  of  the  momenta 
transmitted  to  tha  rotor  shaft  proves  to  ba  tha  Boat  laportant  advantage  of  tha  hingeless 
rotor  system,  providing  an  excellent  control  and  dashing  response  and  an  extensive  lift 
offset  range. 

A  second  laportant  layout  parameter  is  the  Inplane  bending  stiffness  of  ths  blades 
(Figure  2).  It  seems  to  be  a  question  of  design  philosophy,  whether  a  very  stiff  suberi- 
tlcal  system  («;  >  Q),  or  a  supercritical  soft  inplane  system  (w r  <  Q)  is  used.  In  selec¬ 
ting  this  frequency  careful  attention  must  be  given  to  the  structural  loads  and  to  all 
sorts  of  aerodynamic  and  mechanic  lag  instabilities,,  such  as  flap-lag  coupling  or  ground 
and  air  resonance.  Relating  to  these  problems  the  knowledge  of  the  strength  behaviour  and 
the  damping  characteristics  of  the  material  is  of  main  importance  (5). 

A  third  phase  of  rotor  layout  is  the  blade  design.  Besides  the  direct  aerodynamic 
considerations,  which  are  treated  usually  with  respect  to  performance  and  mission  require¬ 
ments,  specific  questions  must  be  regarded, which  affect  the  dynamic  behaviour  in  general. 
The  blade  axis  positions  and  the  torsional  stiffness  of  ths  blade  are  active  parameters 
in  this  respect  (4).  In  this  way  further  gains  in  flight  characteristics  can  be  made  by 
elastic  coupling  effects  indicating  that  design  work  on  blade  section  will  be  worthwhile, 
especially  for  hingeless  rotors  (4). 

The  design  of  hub  and  blade  root  attachment  and  the  stiffness  of  the  control  sy¬ 
stem  are  two  more  problem  areas  on  the  rotor, which  must  be  regarded  in  the  rotor  layout. 
It  will  be  shown  in  this  paper  that  different  hub  geometries  will  result  in  different 
coupling  effects  when  control  flexibility  is  present.  The  effects  nay  be  extensive,  in¬ 
cluding  flying  qualities  and  even  air  resonance  stability,  for  example. 


3.2  Mathematical  model 

In  order  to  determine  analytically  the  stability  and  flight  characteristics  of  a 
hingeless  rotor,  a  relatively  simple  blade  and  rotor  model  can  be  used.  It  is  assumed 
that  the  articulated  blade  is  replaced  by  an  equivalent  offset  hinge  blade,  which  is 
considered  as  a  rigid  body  with  spring  restraint  and  dampers,  as  shown  in  Figure  3.  This 
equivalent  blade  system  is  an  extension  of  a  normal  flapping  system  (1),  as  it  is  usually 
used  for  pure  flapping  response  studies.  This  model  has  additional  degrees  of  freedom  in 
chordwise  and  torsional  directions,  it  includes 

-  blade  flapwlse  bending  (first  mode) 

-  blade  inplane  bending  (first  mode) 

-  blade  twisting  (first  mode) 

-  control  system  flexibility. 

Flapping  of  the  blades  is  the  determining  degree  of  freedom  and  affects  the  main 
behaviour  of  the  rotor.  Inplane  bending  is  strongly  coupled  to  the  flapping  motion  by 
Corlolls-forees  and  is  of  great  influence  on  the  aeroelastic  stability.  Torsional  elastic 
motions  must  be  included  because  they  act  as  control  inputs,  finally  control  flexibility 
is  a  parameter,  which  affects  the  coupling  of  all  other  blade  motions. 

Analytical  results  obtained  with  this  complex  aeroelastic  model  show  that  hinge¬ 
less  rotors  can  be  simulated  well  enough  for  flight  dynamics  and  system  stability  prob¬ 
lems  as  well  as  for  elastic  coupling  effects. 


4.  INFLUENCE  OF  FLAPPING  FREQUENCY 

As  mentioned  before,  the  main  parameter  for  controllability  and  stability  of  a 
helicopter  is  the  frequency  of  fundamental  flap  bending  mode.  The  hingeless  blade  concept 
is  calculated  using  conventional  hinged-rotor  analysis  with  equivalent  offset  blade  and 
spring  restraint.  The  lnfluencles  of  these  two  parameters  are  shown  in  Figure  4.  Flapping 
frequency  over  unit  can  be  obtained  by  means  of  hinge  offset  or  structural  or  artificial 
blade  root  restraint.  The  cantilevered  elastic  blade  of  the  BO  105  for  example  results  in 
an  equivalent  hinge  offset  of  about  15*  R  and  sero  or  slightly  negative  hinge  restraint. 

A  third  way  to  influancs  ths  flapping  response  is  the  use  of  pitch-flap-coupling 
(63).  Its  physical  attribute  la  an  ‘aerodynamic  spring1*  which  influences  the  amplifica¬ 
tion  between  angle  of  attack  variations  and  flapping  response.  But  is  must  ba  recognised 
that  the  change  of  flapping  frequency  with  t 3-angles  is  not  entirely  coaq>arable  to  real 
stiffness  frequency  increase,  because  there  is  no  changs  of  the  specific  moments  per  de¬ 
gree  of  flap  angle.  Due  to  lack  of  real  hinges  kinamatic  43-coupling  can  normally  not  be 
applied  to  rigid  rotor  systems.  However,  systems  with  the  feathering  bearing  inboard  of 
the  flap  and  lag  flexure  are  subject  to  favourable  pitch-flap-coupling  effects,  which 
are  equivalent  to  kinematic  couplings.  Therefors,  any  hub  geometry  and  blade  parameter, 
which  results  in  this  type  of  coupling  will  influence  the  dynamics  of  hingeless  rotors. 


4.1  Moment  capability,  trim  and  control 

On  helioop tars  and  new  types  of  tilting  prop/rotor  aircrafts  the  rotor  is  used  for 
trlMlng  and  controlling  the  aircraft  during  transition  or  even  in  all  flight  conditions. 


\ 
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Zb  this  respect  tha  principal  inn oration  of  hingeless  rotor  ayatana  la  tha  capability  to 
transmit  larva  aaaanta  to  tha  rotor  ahaft.  Figure  5  illuatrataa  tha  alastic  bahariour 
and  tha  nonant  capacity  of  a  hingeless  rotor  orar  a  wide  range  of  blada  flapping  frequen- 
cy,  including  normal  articulated  rotora  and  vary  atlff  propellera .  It  ahould  ba  noted 
that  tha  flapping  raaponaa  t j  cyclic  control  -  on  tha  left  part  -  of  a_typleal  hlngalaaa 
rotor  ia  about  tha  a ana  aa  tha  raaponaa  of  a  fully  articulated  rotor  («•  ■  1.0),  but  ia 
decreaaiag  with  higher  frequencies.  Typical  tilting  rotora  (ag  ■  1.2  ♦  1.4)  and  vary 
atlff  propellera  («g  •  1.7)  are  repreaented  in  thla  caaa  with  normal  virtual  "hinge"  off- 
aata  and  relatively  atrong  root  aprlnga.  Zn  contraat  to  tha  flapping  anplitudaa  tha  nag- 
nltuda  of  tha  raaulting  nonanta  at  tha  rotor  hub  ahowa  a  narked  lncraaaa  with  flapping 
atiffnaaa.  It  la  intereating  to  note  that  the  main  lncrenent  of  control-nonant  la  alrea¬ 
dy  obtained  at  relatively  low  valuee  of  eg. 

Another  affect  of  cyclic  pitch  la  tha  aide  force  raaulting  fron  tha  tilt  of  tha 
rotor  diac  (i)  and  fron  aerodynamic  drag  ehangea.  It  la  ahown  in  thla  picture  that  a 
— aide  foroe  on  rotora  ia  obtained  with  flapping  frequency  ration  of  about  1.2. 

Thla  ia  inport ant  for  hover  yaw  conaldaratione  of  tilting  prop/rotor  alrcrafta,  whore 
a  yawing  nonant  la  provided  by  differential  cyclic  pitch. 

Zn  ateady-etate  flight  conditlona  (Figure  4)  tha  fluctuation*  in  tha  aerodynamic 
blada  forcea  during  blada  revolution  are  hardly  influenced  by  tha  flapping  frequency  of 
tha  rotor.  Tha  oorreeponding  control  anglaa  of  tha  two  rotora  are  fixed  by  tha  different 
flow  eondltlone  during  tha  revolution  of  the  rotor  bladaa  and  by  tha  requlrenanta  of 
trlmlnq  the  aerodynamic  and  canter  of  gravity  nonanta  of  tha  aircraft.  Zn  general,  with 
hlngalaaa  rotora  it  ia  nacaaaary  to  reduce  tha  firat  harmonic  flapping  notion  to  limit 
tha  nonanta  acting  on  tha  helicopter. 

In  order  to  llluatrate  tha  acope  of  cyclic  requlrenanta  for  trianed  flight  eondi- 
tiona,  tha  longitudinal  pitch  anglaa  are  ahown  veraua  alrapeed  in  Figure  7.  A  helicopter 
and  a  tilt  wing  aircraft  with  cyclic  pitch  propellara  are  aelected  to  ahow  tha  extreme 
requlrenanta  in  thla  reapect.  For  tha  helicopter  tha  trim  anglaa  are  within  a  ranga  of 
4°  with  a  positive  atatic  atablllty  over  tha  whole  ranga  of  nomal  flight  apaada.  At  tha 
extrema  high  apaad  condition  (170  knota)  longitudinal  cyclic  anglaa  are  required  up  to 
9°,  which  la  about  904  of  tha  control  margin  of  thla  helicopter.  In  tha  right  part  of 
tha  picture  tha  control  characterletica  of  a  typical  tilt-wing  aircraft  of  about  40.000 
pounda  groaa  weight  1.*.  ahown  for  hover  and  tranaltlon.  Tha  reveraal  in  longitudinal  atlck 
poaltlon  ia  due  to  tha  tilt  of  tha  wing  and  ia  inherent  in  tha  nature  of  auch  type*  of 
aircraft*.  But  it  la  of  atlll  nor*  lntaraat  that  a  cyclic  pitch  of  laaa  than  2°  ia  auffl- 
ciant  to  trim  tha  four  propeller  aircraft  during  tranaltlon  -  even  with  tha  moat  unfa¬ 
vourable  c.g.  poaltlon.  For  additional  nanauvara  (relating  to  MIL  and  AGAKD-Aequir amenta) 
a  naxlnun  cyclic  of  only  5°  will  ba  required  (S) . 


4.2  Stability  charactarlatlc* 

Similar  to  tha  control  nonanta  tha  atablllty  charactarlatlc*  of  helicopter*  and 
tilt-rotor-alrcrafta  are  affected  by  tha  flapping  atiffnaaa  of  the  bladaa.  It  can  anally 
ba  ahown  by  analyel*  that  the  doninating  atablllty  parameter*  are  praaantad  by  tha  pit¬ 
ching  moment  -  angle  of  attack  atablllty  and  by  tha  rotor  damping  raaponaa.  Variation* 
in  tha  flapping  frequency  will  influence  theae  two  darivatlvaa  in  particular  (2) . 

Flgura  S  ahowa  tha  atablllty  charactarlatlc*  of  the  hlngalaaa  rotor  helicopter 
BO  105  over  flight  apaad.  Illuatrated  are  tha  period  and  the  tine  to  double  amplitude 
of  tha  critical  natural  helicopter  node  with  fixed  control*.  Dua  to  high  damping  effi¬ 
ciency  of  tha  rotor  tha  aircraft  la  relatively  etable  in  hover  and  at  low  flight  apaada, 
becoming  nor*  and  nor*  un a tab la  at  higher  apaada. 

Zn  thla  raapact  it  ia  of  lntaraat  that  tha  atablllty  charactariatlca  in  tha  high 
apaad  rang*  can  aignlficantly  improve  with  different  blada  modification*.  Tha  baalc  ata¬ 
blllty  curve  ralataa  to  aymnat ileal  bladaa  with  0012  profile  aactlon.  The  second  curve 
ia  obtained  with  cambered  airfoil  blades  and  with  a  small  e.g.-ahift  at  tha  tin  aactlon. 
Tha  third  stability  curve  relates  to  tha  same  typo  of  airfoil  but  with  a  54  dmdwlm  over¬ 
balance  over  tha  whole  blade.  In  tha  speed  rang*  of  100  knota,  for  axanpla,  tha  tine  to 
double  amplitude  is  increased  fron  4  sac  to  about  20  sac  by  using  blada  2  and  this 
achievement  is  further  increased  by  using  fully  aaroalastlc  feedback  bladaa.  In  this  way 
the  "spaed  of  equivalent  stability" is  increased  by  about  100  knots  in  tha  high  apaad 
rang*  with  proper  blade  design.  It  is  indicated  by  these  results,  that  aerodynamic  and 
dynamic  blada  design  work  is  worthwhile,  especially  for  hlngalaaa  rotors. 


5.  BLAIS  DKSIGN 

Another  important  area  of  rotor  layout  la  the  blade  design  with  raapact  to  the 
aerodynamic  and  torsional  dynamic  qualities.  The  naln  problems  of  rotors  at  high  forward 
apaada  or  higher  disc  loadings  are  known  a*  classical  blada  flutter,  divergence  or  dyna¬ 
mic  blade  stall  flutter,  resulting  fron  nonataady  aerodynamic  affects.  These  problem 
are  treated  by  several  papers  and  reports  in  the  last  years  and  nowadays. 

I.i  addition  to  these  atablllty  problem  there  are  other  aerodynamic  and  torsional 
dynanlc  effects,  which  are  of  great  Influence  on  the  performance  and  flying  qualities. 
Theoretical  investigations  and  flight  test  results  with  the  BO  105  helicopter  with  nodi- 
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fled  rotor  blades  (4)  hra  shown  that  conaldarabXa  improvements  in  performance  and  flight 
dynamics  can  ba  achiavad  with  propar  aerodynamic  charactaristics  and  poaitiva  alaatie 
af facta  of  tha  toraionally  flaxibla  bladaa. 

Figure  9  ahowa  a  comparison  of  tha  maneuver-characteristics  with  two  diffarant 
blada  airfoil  aactiona.  On  tha  rotor  with  symmetric  0012-profila  section  a  turn  of  atick 
travel  over  g  la  reached  at  tha  maneuver  range  of  about  1.5  g  and  the  maximum  load  factor 
in  trimmad  flight  la  limited  to  1.9  g.  By  uaing  unaymnetric  profile  aection  tha  atick  in- 
atabllity  la  poatponad  and  ataady  load  factora  up  to  2.3  g  are  obtained.  According  to  tha 
more  favourable  atall  behaviour  of  theaa  bladaa  tha  pitch  link  loada  are  reduced  consider- 
ably  over  tha  entire  apaad  range  and  moreao  in  maneuver  flighta.  Tha  reaulta  of  further 
lnvaatigationa  ahow  that  even  tha  flight  charactariatica  are  influenced  by  tha  aerodyna¬ 
mic  propartlaa  of  tha  profile.  In  thla  respect  a  rearward  a. c. -position  results  in  an  in¬ 
crease  of  rotor  damping  and  improved  stability  charactariatica.  These  affects  are  inve¬ 
stigated  in  more  detail  in  reference  (4). 

An  analysis  of  tha  torsional  aquation  of  motion  indicates  (4)  that  tha  torsion  of 
rotor  blades  la  further  influenced  by  the  relative  positions  of  the  blade  axes  of  a.c., 
c.g . ,  p.a. ,  a. a..  Strong  effects  are  provided  especially  by  tha  chordwise  mass-distribu¬ 
tion  (c.g.)  and  it  can  be  shown  that  a  coupling  of  flap-  '.ae  bending  and  torsion  of  the 
blade  exists,  when  the  blade  is  unbalanced  in  chordwise  direction. 

To  illustrate  the  physical  principle  of  this  torsional  elastic  coupling, the  dyna¬ 
mic  blade  response  in  flapping  and  torsional  direction  to  a  discrete  gust  is  shown  in 
Figure  10.  The  rotor  is  trimmed  in  this  case  at  a  100  knots  flight  speed  and  enters  a 
35  fps  sine-squared  vertical  gust.  The  principal  feature  of  the  20*  c.g.  blade  are  the 
torsional  motions  Induced  by  the  flapping  motion,  acting  as  stabilising  control  Inputs. 
Normal  torsional  flexibility  of  the  BO  105  blades  is  considered  in  this  case.  The  flapp¬ 
ing  response  out  of  trim  condition  is  reduced  by  about  40t  with  a  blade  of  59  c.g.  off¬ 
set.  In  fact,  this  is  a  very  efficient  blade  integrated  feedback  system. 

Regarding  these  stabilising  effects  of  favourable  c.g.  position,  an  essential  im¬ 
provement  of  the  stability  characteristics  can  be  expected  too.  Some  effects  have  been 
indicated  in  the  foregoing  chapter.  A  broad  variation  of  the  c.g.  position  of  the  blades 
is  shown  in  Figure  11.  The  stability  increases  essentially  with  forward  shift  of  the  c.g. 
and  stable  condition  will  be  obtained  for  this  flight  condition  at  about  20%  position. 

This  calculation  is  for  normal  torsional  flexibility  again  and  therefore  the  improvements 
seem  to  be  remarkable.  There  is  good  correlation  of  the  analysis  with  flight  test  data. 
These  data  were  achieved  by  aduing  a  concentrated  7-pound  weight  on  the  blades  leading 
edge  at  a  0.7  R  spanwise  (oaition  (Figure  12).  With  this  additional  weight  an  equivalent 
structural  c.g.  shift  on  the  total  blade  of  about  2.5%  was  simulated.  These  experiments 
are  regarded  as  a  prestep  for  a  test  program  on  the  BO  105  with  blades  of  structural 
positions  up  to  20%. 


«.  INFLAME  FREQUENCY  COMSIDB RATIONS 

As  indicated  in  Figure  2,  another  important  layout  parameter  is  the  chordwise  ben¬ 
ding  stiffness  of  the  rotor  blades.  Due  to  the  different  Influence  of  the  centrifugal 
forces  in  comparison  to  the  flapping  ant ion ,  the  possible  range  of  inplane  frequencies 
is  much  more  extended.  Nhile  typical  articulated  rotors  with  hinges  in  flapping  and  In¬ 
plane  direction  lie  in  a  frequency  range  of  eg  “  0.2  ♦  0.3,  hingeless  rotor  concepts  can 
bo  handled  from  0.3  up  to  1.5,  depending  on  the  flexibility  of  the  root  and  the  blade 
section. 


In  general,  there  are  two  principal  problem  areas  which  require  careful  investiga¬ 
tion  during  rotor  layout  phase.  The  one  is  the  problem  of  structural  loads  and  stress 
levels,  the  other  is  the  danger  of  instability  of  Inplane  mode  oscillations  or  their  coup¬ 
ling  with  other  motions  such  as  body  pitch  and  roll  oscillations,  called  the  "classical" 
ground  resonance  and  the  air  resonance  (5) * 


(.1  Structural  loads 

It  is  Indicated  by  analysis  and  by  flight  tests  that  the  build-up  of  cyclic  chord- 
wise  blade  bending  moments  occurs  mainly  in  the  rotorhub  and  the  blade  root  with  their 
magnitude  depending  on  the  chordwise  flexibility  in  tnese  areas.  A  variation  in  oscilla¬ 
tory  moments  with  inplane  frequency  is  shown  in  Figure  13.  Different  rotor  configurations 
are  calculated  with  frequency  ratios  from  0.20  up  to  1.30.  The  lower  frequencies  are 
achieved  in  this  case  by  very  small  hinge  offsets  (4%  R) ,  the  higher  frequencies  by  an 
offset  of  about  15%  R  and  increasing  inplane  springs.  In  the  left  part  of  the  picture 
tlma  histories  of  the  chordwise  moments  are  presented  for  a  cyclic  step  Input  in  hover. 
Three  typical  "soft  inplane"  frequencies  are  shown  end  It  is  indicated  that  there  is  a 
strong  Increase  in  chordwise  cyclic  loads  with  increasing  inplane  stiffness.  A  summary 
of  the  results  in  the  right  part  shows  that  the  only  way  to  reduce  the  high  cyclic  chord- 
wise  moments  on  hingeless  rotors  is  the  use  of  Inplane  flexibility.  So  called  "soft  in¬ 
plane"  rotors  with  lag  frequencies  between  0.6  to  0.75  seem  to  be  a  good  solution  in  this 
respect. 


During  development  and  test  of  the  BO  105  hingeless  rotor  the  structural  loads  in¬ 
vestigation  was  always  one  of  the  main  objectives  and  the  layout  procedure  was  influenced 
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by  these  results.  The  variation  in  oscillatory  f lapvlsa  and  inplane  soaents  of  the  todays 
BO  105  rotor  with  flight  speed  is  shown  in  Figure  14.  There  is  only  a  slight  increase  in 
the  nonul  speed  range  and  even  at  the  high  speed  condition  of  170  knots  the  loads  remain 
below  40k  design  fatigue  limit.  The  effects  of  increasing  load  factors  -  in  the  right 
part  -  are  of  norsal  magnitude  too.  The  agreesant  between  analysis  and  test  results  is 
fairly  good,  indicating  that  the  equivalent  offset  method  is  adequate  even  for  load  stu¬ 
dies. 


6.2  Kotor  damping 

With  inplane  frequency  considerations  another  problem  must  be  attentloned,  the  dan¬ 
ger  of  lead-lag  instabilities.  Rotors  with  first  inplane  frequency  below  the  operating 
rotor  speed  are  subject  to  instabilities  on  ground  and  in  the  air,  called  the  ground  and 
air  resonance  phenottena  (6) .  These  instabilities  can  occur  when  a  body  frequency  in  roll  or 
pitch  is  close  to  the  blades' lnplane  natural  frequency  in  the  nonrotating  system  (w  -  w( ) . 

One  determinative  parameter  for  the  stability  of  the  coupled  motions  is  the  total 
damping  involved  in  the  system.  In  general,  there  are  four  sources  of  damping t  The  blade 
damping  which  can  be  of  artificial  or  structural  mode,  the  aerodynamic  damping,  the  damp¬ 
ing  involved  in  the  airframa  and  the  damping  (or  exciting)  effects  provided  by  elastic 
coupling  of  blade  antions. 

Since  hingelwss  rotors  have  normally  no  possibility  of  artificial  blade  damping  - 
and  even  don't  want  to  have  dampers  because  of  simplicity  -  the  question  of  "material" 
damping  in  the  blade  structuro  is  essential.  Therefore  in  the  design  of  soft  inplane 
(u(  <  Q)  hirgeless  rotors  there  are  two  decisive  questions,  namely  how  much  dating  is 
required  and  how  much  damping  is  present.  In  order  to  get  answers  to  the  damping  require¬ 
ment  problem, much  theoretical  work  is  necessary  involving  different  ground  and  air  reso¬ 
nance  flight  conditions. 

Figure  15  shows  some  typical  results  of  a  ground  resonance  study.  The  analytical  mo¬ 
del  (7)  used  in  this  case  considers  the  coupling  of  the  individual  blade  motions  and  of  the 
rotor  pylon  motions.  Together  with  the  flapping  and  inplane  motions  of  the  four  blades 
and  three  translator:'  And  rotational  degrees  of  freedom  of  the  hub,  the  system  consists 
of  14  nonlinear  differential  equations.  As  the  airloads  are  considered  individually  for 
each  blade,  aerodynamic  damping  is  automatically  Included  in  calculation.  The  figure 
shows  the  modal  damping  of  the  inplane  motion  as  a  function  of  lnplane  frequency  with  in¬ 
herent  blade  damplnq  as  a  parameter.  The  values  were  obtained  by  solving  the  differential 
equations  of  motion.  As  the  critical  frequency  w  -  ec  of  articulated  rotors  is  much  higher 
than  for  typical  hlngelass  rotors,  more  driving  energy  is  present  for  exciting  oscilla¬ 
tions.  Therefore,  on  articulated  rotors  more  Inherent  system  damping  is  ne scats ary  to 
avoid  unstable  ground  and  air  resonance  conditions.  As  is  indicated  by  Figure  15,  the  blade 
damping  requirements  of  the  two  rotors  differ  by  a  factor  5.  Similar  results  are  shown  in (8) . 

Up  to  now  the  structural  loads  and  stability  considerations  have  resulted  in  two 
essential  conclusions:  The  one,  in  order  to  get  low  structural  lnplane  loadings,  chord- 
wise  flexibility  should  be  used  on  the  blades.  The  second,  in  order  to  avoid  mechanical 
instabilities  without  artificial  dampers,  a  certain  lower  limit  of  lnplane  stiffness 
must  not  be  exceeded.  It  is  Indicated  by  these  results  that  the  selection  and  layout  of 
the  chordwise  stiffness  of  a  hingeless  rotor  is  an  optimisation  process  which  must  be 
treated  in  a  very  thoroughly  way.  One  precondition  for  doing  this  successfully  is  the 
knowledge  of  the  material 1 s  qualities  with  respect  to  strength  behaviour  and  damping 
characteristics .  To  obtain  the  answers  to  these  problems,  intensive  test  programs  were 
conducted  during  the  developswnt  of  the  hingeless  rotor  at  the  MBB  company.  It  was  ex¬ 
perienced,  for  example,  that  the  blades'  structural  daaping  depends  on  a  lot  of  parame¬ 
ters,  the  most  important  ones  being  the  way  of  blade  attachment,  the  centrifugal  force 
and  the  moment  amplitude . 

In  addition,  measurements  were  made  on  the  helicopter  in  flight.  The  objective  of 
these  special  flight  tests  was  to  prove  the  absence  of  any  lead-lag  instability  and  to 
measure  the  damping  directly  under  flight  conditions.  In  the  case  shown  in  Figure  16  a 
continuous  roll  excitation  is  made  by  the  pilot  by  moving  the  stick  periodically  lateral 
with  the  airresonance  frequency  of  Q  -  «(.  These  "pilot-excited  air  resonance  conditions" 
were  maintained  up  to  20  sec.  In  this  picture  rolling  rates  of  20°/sec  are  obtained  and 
the  inplane  motion  is  running  exactly  in  its  natural  frequency.  From  the  recordings  after 
the  stop  of  excitation  decay-rates  were  determined,  which  allowed  conclusions  to  the  blade 
damping.  During  these  flight  tests,  which  were  carried  out  over  the  whole  speed  range 
with  different  gross  weights  and  in  high  altitudes, it  was  never  possible  to  get  into  un¬ 
stable  oscillations.  The  conclusions  can  be  made,  that  on  the  BO  105  hingeless  rotor  bla¬ 
des  with  a  0.65  lnplare  frequency  ratio  the  inherent  damping  in  the  structure  and  the 
blade  attachment  is  sufficient,  to  avoid  any  ground  and  air  resonance  problems . 


7.  MECHANICAL  HUB  VARIATIONS  AND  CONTROL  STIFFNESS 

As  mentioned  before,  the  feathering  axis  on  hingeless  rotors  is  normally  fixed  in 
the  hub  and  the  blades  are  deflected  out  of  this  axis.  With  the  "hinge  sequence"  of  fea¬ 
ther-flap-lag  coupling  effects  are  caused  when  control  flexibility  is  present.  The  physi¬ 
cal  principle  is  illustrated  in  Figure  17,  showing  that  the  control  system  dynamic  is  in¬ 
fluenced  by  the  flapping  (B)  and  lnplane  (C)  motion  of  the  blade  (4). 
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7.1  Elastic  pltch-flap-coupllng 


The  Boat  common  parameters,  which  can  raault  In  this  type  of  coupling,  ara  pracona 
of  tha  faatharing  axis,  blada  swaap,  flapping  and  inplana  stiffnass,  blada  damping  and 
control  system  flaxlbility.  It  is  indlcatad  even  by  slmpls  trim  conditions  that  tha  ela- 
atic  couplings  ara  comparabla  to  pitch-f lap-coupling  offsets.  Figura  18  shows  soma  re¬ 
sult*  of  a  study,  illustrating  tha  affectiva  <3-angles  obtainad  at  a  hovar  cyclic  control 
condition.  Tha  alastic  coupling  angla  is  shown  as  a  function  of  tha  blada  swaap  angla. 
Forward  swaap  of  tha  bladas  rosults  in  nagativa  63-anglaa,  rearward  swaap  in  posltivo  <3- 
anglas  (negative  pitch-flap-coupling) .  Tha  influence  of  tha  control  system  stiffness  pro¬ 
ves  to  ba  almost  linear.  Similarly  tha  alastic  A3-behaviour  of  hingolass  rotors  is  in¬ 
fluenced  by  precons  of  the  faatharing  axis  and  by  tha  chordwise  flexibility  of  tha  bla¬ 
das,  both  changing  tha  blada  position  ralativa  to  tha  pitch  axis  (4). 

Tha  main  effects  of  a  pitch-flap-coupling  is  a  reduction  of  flapping  amplitudes, 
resulting  in  improvements  of  stability  and  gust  behaviour.  Two  typical  rasulta  are  illu¬ 
strated  in  Figure  19,  showing  the  angla  of  attack  stability  and  tha  pitch  damping  moment 
of  an  isolated  rotor  in  forward  flight.  The  large  destabilising  moments  of  hingeless  ro¬ 
tors,  which  are  increasing  with  spaed  can  ba  reduced  by  rearward  blada  swaap  and  it 
should  be  noted  that  both  stability  and  damping  show  a  trand  to  the  articulated  rotor 
when  blade  rearward  sweep  is  applied  to  hingelass  rotors. 


7. 2  Elastic  pltch-lag-coupllng 

In  addition  to  these  coupling  effects  specific  interactions  between  the  Inplana 
and  pitching  motions  can  be  observed  at  hingelass  rotor  bladas.  In  order  to  illustrate 
these  types  of  coupling,  typical  variations  of  alastic  blade  pitch  angle  with  lag  angla 
are  shown  in  Figure  20.  There  is  indaed  an  alastic  pitch-lag-coupling,  as  shown  by  the 
slope  of  tha  curves.  In  the  casa  of  forward  sweep  blades  the  coupling  becomes  negative, 
aft  sweep  blades  result  in  a  positive  coupling.  The  curves  shown  in  this  picture  are  for 
a  special  case  of  rotor  thrust,  different  curves  would  be  obtained  for  other  flight  con¬ 
ditions. 

Tha  phenomenon  of  pitch-lag  coupling  can  be  favourable  or  unfavourable  for  rotors, 
depending  on  the  amount  and  sign  of  the  coupling.  A  theoretical  treatment  shows  that  a 
coupling  in  the  sense  of  pitch  up  with  blade  lag  motion  forward  has  a  destabilizing  in¬ 
fluence  on  the  flap-lag  oscillation.  In  opposite  a  decrease  of  pitch  as  the  blade  lags 
forward  is  stabilizing. 

Investigations  were  dona  to  gat  more  insight  into  these  alastic  pitch-lag  coup¬ 
ling  effects  on  hingeless  rotors.  In  Figure  21  some  results  are  collected  showing  the 
effective  pitch-lag  coupling  factor  as  a  function  of  collective  pitch  for  rotors  with 
different  precona  angles.  As  collective  changes,  the  aerodynamic  coning  changes  and  thus 
the  coupling  of  the  pitch-lag  motion  is  affected.  Increase  of  collective  pitch  results  in 
negative  factors  (positive  pltch-lag-coupling) ,  providing  a  stabilizing  effect  on  the 
system  stability.  Further  it  can  be  seen  that  the  precone  of  the  feathering  axis  will 
definitely  affect  the  magnitude  of  this  type  of  coupling.  Too  high  a  precone  angle  will 
act  strongly  destabilizing. 

Figure  22  shows  the  lag  modal  damping  over  collective  pitch,  as  it  was  obtained 
with  the  analytical  model  described  in  the  foregoing  chapter.  The  hub  freedoms  are  fixed 
in  this  case.  Over  the  total  range  of  collective  pitch  a  minimum  of  damping  is  obtained 
in  the  low  thrust  region  at  about  4°  collective.  Higher  collective  pitch  setting  results 
in  an  increase  of  damping  up  to  a  second  region  of  instability  with  a  very  rapid  damping 
decay.  Investigations  of  this  region  show  that  this  form  of  instability  consists  of  a 
flap-lag-coupling  in  the  flapping  natural  frequency.  Its  physical  reason  seems  to  be  the 
increment  of  aerodynamic  drag  of  the  profile  at  very  high  thrust  conditions. 

Another  important  effect  shown  in  Figure  22  is  the  influence  of  precone  angle  on 
the  lag  modal  damping.  The  datoriation  of  lag  damping  with  high  procone  angles  is  evi¬ 
dent,  showing  that  a  5°  precone  hub  is  acting  against  the  structural  damping  of  the  bla¬ 
des.  One  more  conclusion  from  these  results  is  that  rising  gross  weight  of  a  helicopter 
with  this  hingeless  system  will  increase  the  air  resonance  stability,  because  it  brings 
the  aerodynamic  coning  angle  above  the  pitch  axis.  In  contrast,  unloading  of  the  rotor 
will  tend  to  reduce  the  stability  of  the  system. 

Similar  effects  are  provided  by  other  hub  parameters,  such  as  blade  sweep  and  con¬ 
trol  stiffness.  A  typical  result  is  shown  in  Figure  23.  A  completely  rigid  control  stiff¬ 
ness  results  in  a  very  flat  damping  curve  over  collective.  As  there  are  no  elastic  pitch- 
flap-lag  couplings  in  this  case,  this  curve  indicates  the  effective  aerodynamic  damping 
as  the  difference  to  the  5%  structural  damping.  In  contrast,  soft  control  system  results 
in  a  eery  steep  damping  gradient  and  will  ndmt  the  ateJullty  La  the  laser  threat  eeglcru 

The  results  of  these  investigations  are  in  full  agreement  with  model  testing  car¬ 
ried  out  with  a  BO  105  soft  inolane  hinaeless  rotor  model  (28”  rotor  diameter)  by  the 
Boeing  Vertol  Company  (9).  The  sensitivity  trends  are  further  confirmed  by  the  findings 
in  (10),  although  the  Important  torsional  degree  of  freedom  is  not  included  there. 

It  seems  to  be  an  essential  conclusion  of  these  few  examples  that  the  hub  geometry 

hinge  lee*  eoton  le  m,  active  pMMtietet  4k*  the  eet-oeiaeile  behowiou  end  snot  be  ma¬ 

ted  very  thoroughly  in  the  design  phase.  This  is  of  main  importance  not  only  for  helicop- 
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ter  rotors  but  also  for  tilting  prop/ rotors  because  they  are  operated  over  a  large  pitch 
range  and  under  different  thrust  conditions  between  hover  and  cruise  flight. 


8.  CONCLUDING  REMARKS 

Analytical  investigations  and  test  experience  with  hingeless  rotors  indicate  that 
there  are  potential  advantages  in  applying  this  principle  to  helicopters  and  V/STOL-air- 
crafts. 


The  main  feature  implying  the  benefits  of  this  system  is  the  fundamental  blade 
flapwise  bending  mode,  which  is  determined  by  the  type  of  hub  and  blade  attachment.  The 
flight  dynamic  improvements  associated  with  this  concept  are  due  to  the  large  moment  ca¬ 
pacity  resulting  in  outstanding  control  and  stability  characteristics. 

In  addition,  the  flight  dynamics  of  hingeless  rotors  are  strongly  influenced  by 
torsional  elastic  coupling  effects.  Improvements  of  the  aerodynamic  characteristics  and 
a  proper  blade  design  with  respect  to  the  chordwise  mass  distribution  will  give  benefits 
in  the  dynamic  behaviour  of  the  rotor. 

Another  design  area  requiring  particular  attention  is  the  blade  inplane  stiffness. 
It  is  an  active  parameter  for  the  structural  loading  and  the  stability  behaviour  of  the 
blades.  Stress  problems  can  be  resolved  by  introducing  inplane  flexibility,  but  damping 
and  air  resonance  problems  get  more  important  in  this  case.  Thus  the  selection  and  lay¬ 
out  of  the  first  inplane  frequency  must  be  treated  very  thoroughly. 

Finally,  the  design  of  the  hub  geometry  must  not  only  consider  requirements  of 
steady  moments,  but  must  regard  dynamic  effects  too.  The  placement  and  precone  of  the 
feathering  axis,  the  inplane  sweep  of  the  blades  and  the  flexibility  of  the  control  sy¬ 
stem  are  parameters,  which  are  of  main  influence  on  the  flight  dynamics  and  the  stability 
characteristics  of  the  blade  and  the  system. 

In  general,  the  hingeless  rotor  concept  offers  the  chance  of  favourable  aeroela- 
stic  benefits,  which  are  not  present  in  other  rotor  systems  in  this  high  degree.  But  - 
more  physical  understanding  and  continuing  research  seems  to  be  necessary  in  order  to 
treat  this  system  in  the  right  way. 
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AERODYNAMICS  OP  KELICOPTB?  COMPONENTS  OTHER  THAN  ROTORS 

by  Dott.  Ing.  Angelo  Boeoo 
SIAI  Marchetti  SpA,  Sezione  Volo  Verticals 
21018  Sesto  Celende  (Vereee)i  Italy 


SUMMARY 

Any  airoraft  design  ehould  be  based  on  a  selected,  but  limited,  range  of  missions.  A  successful  air¬ 
craft  represents  compromise  between  configuration  features  and  between  applicable  specialties.  Rotary- 
wing  aircraft  designgroups  have  been  slow  to  adapt  these  lessons  which  have  been  so  well  explored  and 
demonstrated  in  tne  field  of  fixed-wing  airoraft.  The  SIAI  Marchetti  SV-20A  Winged  Helicopter  is  intended 
for  commercial /ut il ity  applications  in  the  second  half  of  the  1970's.  Some  considerations  invoked  in 
defining  this  configuration  are  presented.  For  these  missions,  the  productivity,  cruise  efficiency,  sta¬ 
bility,  and  controllability  of  a  helicopter  are  all  affected  by  the  aerodynamios  of  the  nonrotating  com¬ 
ponents.  As  a  result,  the  well-developed  techniques  of  fixed-wing  subsonic  aerodynamics  are  being  applied 
to  the  3V-20A  design.  A  break-down  wind-tunnel^sodel  is  being  used  to  isolate  aerodynamic  interferences 
and  to  confirm  aerodynamio  analyses.  These  results  are  contributing  to  the  SV-20A  configuration  optimiza¬ 
tion.  They  are  also  being  used,  together  with  results  from  rotor  performance  analyses,  to  synthesize  the 
classical  "performance,  stability,  and  control"  of  the  complete  aircraft.  Optimizations  such  as  illustrated, 
if  performed  before  the  aircraft  configuration  is  frozen,  should  contribute  toward  a  superior  product  and 
minimize  the  time  and  cost  required  for  the  flight  test  program  leading  to  type  certification. 

1  INTRODUCTION 

Forty— two  years  have  elapsed  since  the  coaxial  helicopter  built  in  Italy  by  Prof.  D'Ascanio  flew  3000 
feet  in  five  minutes,  achieved  an  altitude  of  54  feet,  and  remained  aloft  for  almost  nine  minuteB  (Ref.  1). 

In  the  late  40's  the  first  helicopter  was  certified  by  the  Federal  Aviation  Agency  of  the  United  States. 
The  Bell  47,  destined  to  become  one  of  the  most  popular  in  the  world,  iB  a  good  example  of  the  helicopter 
construction  up  to  this  period.  The  engineering  effort  put  forth  to  turn  a  "brain  child"  into  a  reliable 
and  useful  vehicle,  deserves  the  highest  commendation.  Concentration  during  this  time  was  justifiably  on 
the  mechanics  of  flight  and  development  of  the  rotating  and  control  components.  Little  or  nothing  was 
accomplished  toward  the  aerodynamic  sophistication  of  the  nonrotating  components. 

In  the  Silvercraft  SH4  (Fig.  1-a),  built  about  twenty  years  after  the  Bell  47,  a  certain  effort  had 
been  made  in  order  to  reduce  the  drag.  However  in  a  helicopter  of  this  type,  intended  mainly  for  agricul¬ 
tural  purpose,  the  aerodynamic  efficiency  of  the  nonrotating  components  iB  of  secondary  importance. 

In  the  helicopter  of  the  70's,  the  effort  made  by  the  designers  to  improve  aerodynamic  efficiency  is 
noticeable,  A  good  example  in  a  pure  helicopter  is  the  Agusta  109  Hirundo  (Fig.  1-b)  with  its  retractable 
landing  gear,  its  streamlined  fuselage,  and  its  small  pylon  fairing;  all  evidence  of  the  effort  made  to 
lessen  the  parasitic  drag. 

For  the  helicopters  of  today  and  the  future,  it  is  shown  to  be  beneficial  to  promote  aerodynamic  clean¬ 
liness,  Proof  of  this  is  evident  by  the  prevalence  of  the  very  streamlined  bodies  now  being  produced  for 
helicopters  which  utilize  high  cruising  speedB  or  which  require  high  speeds  (Figs.  1-c  and  1-d), 

Transport  helicopters,  both  in  the  winged  and  compound  versions  with  their  top  speeds  between  150  and 
220  kts,  are  in  the  speed  class  of  the  executive  turboprop.  Now,  as  has  been  done  and  is  being  done  for 
the  executive  turboprop,  it  is  becoming  more  critical  to  consider  aerodynamic  effects  relative  to  the  heli¬ 
copter.  However,  as  the  drag  factor  is  much  higher  for  a  helicopter  than  for  its  fixed-wing  equivalent, 
a  greater  amount  of  sustained  effort  will  have  to  be  exerted.  As  the  SIAI  Marchetti  SV-20A  winged  heli¬ 
copter  (Fig.  1-e)  ie  included  lh  the  executive  turboprop  claBS,  the  possible  solutions  to  Borne  of  tne 
inherent  aerodynamic  problems  will  be  treated  somewhat  subjectively  herein.  And,  because  most  of  the 
material  published  to  date  (Fig.  2)  is  and  has  been  concerned  with  the  aerodynamic  of  rotors,  this  Paper 
will  iiteusa  scffie  of  Hit  ticoataaiy  ewilfibuticim  cf  the  i.oia  tAubing  el  fjiiujwt b  bo  bo  Obnsi&ereft  beisbi'Vfc  bo 
compromise  and  aerodynamic  cleanliness. 

Today  helicopter  design  is  oriented  mainly  toward  production  in  the  following  classifications: 

Agricultural,  Survey,  Training 

Heavy  Lift 

Observation 

Transport,  both  Civil  and  Military 
Attack. 

In  the  overall  picture,  speed  is  the  most  important  factor  in  the  last  two  classes.  In  the  case  of  the 
transport  helicopters:  for  the  civil  helicopter,  block  speed  is  of  interest;  whereas,  for  the  military  use, 
speed  may  be  of  interest  for  possible  evasive  action  or  passive  defense.  For  attack  helicopters,  the  speed 
factor  is  easily  understood. 
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The  need  to  decrease  drag  and  advance  stabi1  ity,  controllability,  and  maneuverability,  concurrently 
with  speed,  is  obvious. 

Prom  what  has  been  stated  above  it  appears  very  clear  that,  for  at  least  some  types  of  helicopter, 
the  speed  factor  is  becoming  paramount.  To  increase  this  speed  factor,  two  of  the  possibilities  are  to 
install  more  power  or  to  upgrade  the  aerodynamic  efficiency.  The  ultimate  would  be  to  act  on  both  of  these 
e'ements  simultaneously.  In  the  Becond  possibility,  the  upgrading  of  aerodynamic  efficiency,  there  are 
again  two  main  choices;  the  aerodynamic  improvement  of  the  rotating  parts  or  of  the  nonrotating  parts. 
Improvement  of  the  aerodynamic  efficiency  of  the  nonrotating  parts  means,  basically,  decreasing  the  ad¬ 
vancing  drag.  It  is  intended  to  show,  briefly,  herein  how  3ome  of  the  problem  is  being  attacked  by  studies, 
tests,  and  analysis  of  some  of  the  speed/drag  factors  with  ippropriate  regard  for  the  stability,  control¬ 
lability,  maneuverability  factors. 

In  general,  a  helicopter  with  little  advancing  drag  is  the  result  of  careful  aerodynamic  consideration 
of  the  single  parts  and  of  the  harmonic  fusion  of  and  with  the  particular  structure  of  the  helicopter. 

This,  of  course,  is  necessarily  followed  by  careful  checking,  testing,  and  analyzing  in  order  to  avoid 
subsequent  dirtying  of  the  aerodynamics  during  the  development  of  the  helicopter  itself.  Reducing  the  drag 
means  a  reduction  of  the  propulsive  force  required  from  the  main  rotor.  In  turn,  main  rotor  stall  and 
compressibility  effects  are  delayed  with  subsequent  less  aerodynamic  load  asymmetry  on  the  rotor.  Less 
aerodynamic  asymmetry  and  less  load  on  the  main  rotor  has  meant  a  diminishing  of  the  oscillatory  loadB 
on  the  rotor  blades  and  controls,  and  lesser  apparent  vibration  in  the  cockpit/cabin  and  on  the  frame 
(Refs.  2,  3,  and  4).  Figures  3  and  4  show  that  both  oscillatory  loads  and  vibration  are  appreciably  reduced 
in  the  Bell  HPH  compound  helicopter.  This  reduction  was  accomplished  mostly  by  the  lessening  of  the  re¬ 
quired  rotor  propulsive  force,  with  respect  to  the  basic  HPH,  by  means  of  the  installation  of  two  auxiliary 
propulsive  jet  engines.  Now  that  we  have  defined  that  better  aerodynamic  efficiency  is  indicative  of  a 
helicoptir  which  is  lighter  in  weight,  simpler,  less  expensive,  more  comfortable,  and  more  easily  certi¬ 
fiable  (Ref.  5),  let  us  examine  some  of  the  nonrotating  components  from  the  aerodynamic  point  of  view. 

2  FUSELAGE 

The  helicopters  of  the  50-60's  were  designed  for  a  speed  of  about  100  kts.  The  fuselage  was  con¬ 
sidered  mostly  as  a  people  container  -  roughly  ovoidal  in  shape  -  with  an  attached  tail  boom  to  support  the 
tail  rotor.  Designers,  to  reduce  the  center  of  gravity  (CG)  shift,  preferred  to  place  the  passengers,  in 
a  medium  size  helicopter,  in  seats  up  to  five  abreast.  Obviously,  the  greater  number  of  passengers  placed 
abreast  necessitated  a  greater  increase  in  the  frontal  area.  As  the  frontal  area  is  one  of  the  main  causes 
of  parasitic  drag,  most  any  increase  of  this  area  will  cause  a  decrease  in  aerodynamic  efficiency.  It 
should  then  follow  that  a  seating  ariangement  with  as  few  abreast  as  possible  would  be  the  best  solution. 
This  is  not  necessarily  true,  because,  if  carried  to  an  extreme,  we  may  then  create  the  more  cumbersome 
problem  of  trimming  or  balancing  for  CG.  Thus  we  must  arrive  at  one  of  the  many  compromises  required 
of  a  helicopter  design  engineer;  frontal  area  versus  shift  in  CG.  This  factor  was  taken  into  consideration 
during  the  initial  design  of  the  SV-20A:  by  the  location  of  the  engines;  by  reducing  the  CG  shift  in  that 
the  cabin  area  is  arranged  so  that  the  payload  can  be  distributed  as  equally  as  possible  fore  and  aft  of 
the  main  rotor  mast;  and  with  forethought  as  to  the  aerodynamic  optimum  of  the  frontal  area  for  the  com¬ 
promise  between  aerodynamic  efficiency  and  a  profit  making  payload. 

Because  forward  flight,  in  most  of  today's  existing  helicopters,  is  at  a  nose  down  attitude,  there  is 
another  advantage  in  limiting  the  width  of  the  fuselage.  The  higher  fineness  ratio  of  narrowing  (up  to 
the  aerodynamic  optimum)  the  width  of  the  fuselage  mostly  results  in  a  lesser  slope  when  the  drag  coeffi¬ 
cient  is  plotted  against  angle  of  attack.  This  can  also  mean  a  lesser  download  on  the  fuselage,  when  the 
helicopter  is  flying  nose  down,  thus  adding  to  aerodynamic  efficiency. 

3  FAIRING  OF  ROTATING  CONTROLS  -  TRANSMISSION 

While  in  a  low  speed  helicopter  it  is  convenient  to  omit  the  fairing  from  the  rotating  control  system, 
both  to  save  the  fairing  weight  and  for  better  accessibility,  in  a  fast  helicopter  (150  kts  and  over)  it 
may  pay  to  enclose  this  system  in  a  streamlined  fairing.  It  is  »  fact  that  a  two  blade  teetering  rotor 
has  a  hub  drag  substantially  less  than  that  of  a  helicopter  with  a  fully  articulated  four  or  more  blade 
rotor.  Reference  12  states  that  from  20  to  50$  of  the  total  parasitic  drag  is  created  by  the  main  rotor 

3-lnCo  sitt-rF  or  IfasSB  pfeFevTFt.age  figaee  loOili  a*  I&fge  ufrig  llllll  UlliUUlU  Hi  the  dr*  lBn  Cf  a  hf.lfcWpte*, 
much  effort  is  and  should  be  expended  in  this  investigation.  The  design  compromise  this  time  must  be 
made  between  speed  and  fairing  weight  plus  accessibility. 

4  ENGINE  NACELLES 

In  a  helicopter,  without  propulsive  assistance  for  forward  flight,  an  increase  in  drag  will  demand  a 
higher  propulsive  force  from  the  main  rotor.  As  stated  before,  an  increase  in  propulsive  force  required 
from  the  main  rotor  has  been  synonymous  with  increased  oscillating  loads  and  increased  vibrations.  As 
engine  nacelles  contribute  to  the  drag  factor  it  is  necessary  that  strict  attention  be  given  to  the  aero¬ 
dynamic  design  of  these  engine  nacelles  and  a  thorough  Btudy  must  be  made  of  the  construction  and  instal¬ 
lation  details.  This  study  involves  close  cooperation  with  the  engine  manufacturer  to  determine  the  best 
aerodynamically  efficient  external  and  internal  design  for  the  nacelle/engine  ensemble. 
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In  the  saee  of  a  winged  helicopter,  with  the  engine  nacelles  mounted  on  the  wing  away  from  the  fuse¬ 
lage  and  cabin  area,  a  greater  drag  increment  may  be  expected.  This  increased  drag,  however)  may  be  offset 
by  the  advantages  ofi  the  minimizing  of  engine  "generated  noise  and  vibration  in  the  cabin  area  by  physical 
separation}  possible  relief  from  snow  blockage  or  ingestion;  better  pressure  recovery  as  the  engine  air 
intake  is  improved  in  the  absence  of  the  fuselage  boundary  layer;  engine  exhaust  will  not  impinge  on  the 
vertical  tail  and  tail  rotor;  engines  are  physically  separated  so  that  damage  from  a  failed  engine  is  very 
unlikely  to  affect  the  remaining  engine;  improved  access  for  engine  installation,  maintenance,  and  overhaul; 
etc.  Enhancement  of  the  growth  potential  is  also  a  factor  to  be  considered  where  engines  are  mounted  in 
nacelles  on  the  wing.  This  enhancement  is  especially  feasible  when  basic  design  consideration  provides 
for  possible  or  probable  changes  in  configuration.  Such  changes  in  configuration  may  be  the  relatively 
simple  one  of  a  different  engine  or  the  more  complex  one  of  converting  to  a  compound  helicopter  by  the 
addition  of  a  propeller.  Again  compromise,  between  speed  and  other  considerations,  is  clearly  demonstrated 
as  a  necessity  in  he  basic  design  and  plan  for  the  helicopter. 

5  LANDING  GEAR 

In  helicopters  of  smaller  dimension  experience  has  shown  that  skid  type  landing  gear  is  highly  rec- 
ommendable;  not  only  because  it  is  simpler  and  lighter  in  weight  but  also  because  it  is  less  expensive  as 
it  does  not  need  to  be  retractable.  Streamlining  of  skid  type  landing  gear  usually  reduces  the  drag 
sufficiently  to  offset  the  increased  weight  (induced  drag  contribution)  necessary  for  the  retractable  type 
landing  gear.  For  example,  as  recorded  for  the  S.A.  341  Gazelle  (Ref.  11):  by  fairing  the  skid  type  land¬ 
ing  gear  a  drag  reduction  of  2.04  square  feet  was  obtained,  whereas  with  a  retractable  type  landing  gear, 
in  the  retracted  position,  a  drag  reduction  of  2.60  square  feet  only  was  obtained.  This  small  difference 
in  drag  reduction  is  far  outweighed  by  the  facts  that  skid  type  landing  gear  is  more  reliable  and  permits 
safer  landings  in  unprepared  areas.  As  the  use  of  skid  type  landing  gear  is  one  of  the  outstanding  features 
specific  to  a  smaller  helicopter,  the  compromise  is  obvious.  Tests  then  only  need  to  be  performed  to 
provide  data  as  to  the  accuracy  of  the  streamlining  necessary  to  obtain  the  least  possible  drag  for  the 
particular  skid  landing  gear  involved. 

6  FAIRINGS,  SPOILERS,  AIR  INLETS,  PYLON  TOP  SHIELD,  STRAKES,  ANTENNAS,  DRIP  GUARD,  RIVETS,  ARMAMENT,  ETC. 

Too  much  space  would  be  used  in  this  Paper  if  all  of  the  mentioned  components  were  to  be  discussed. 
Moreover,  the  aerodynamic  cleanness  of  3uch  parts  is  not  the  only  criterion  to  be  followed  in  their  design, 
as  it  is  necessary  to  take  into  consideration  other  fa  ors  which  are  sometimes  diametrically  opposed  to 
such  cleanness. 

While  following  the  basic  concept,  of  designing  external  surfaces  in  such  a  manner  that  the  airflow 
around  these  surfaces  be  as  undisturbed  as  possible,  there  are  times  when  it  is  necessary  to  renounce  a 
part  of  the  aerodynamic  cleanliness  to  alleviate  instability  phenomena  or  to  prevent  vibration,  shaking, 
wake  interference,  etc.  Especially  this  is  true  when  considering  more  stringent  requirements  for  or  against 
the  truncation  of  the  main  rotor  pylon  fairing,  for  or  against  the  addition  of  spoilers,  etc.  In  the  case 
of  the  main  rotor  pylon  it  is  apparent  that  the  fairing  of  the  trailing  edge  is  an  aerodynamically  more 
clean  structure.  However,  the  wake  from  this  fairing  was  thought  to  be,  in  one  case,  the  source  of  inter¬ 
ference  problems  and  by  tests,  with  a  truncated  pylon  fairing,  it  was  shown  that  this  interference  could 
be  alleviated.  Internal  installations  or  structural  consideration  may  also  impose  aerodynamic  compromises. 
Again,  although  there  are  many  others,  the  truncation  of  the  main  rotor  pylon  will  be  used  as  an  example 
bS  it  adds  strength  to  the  argument  for  trulioatiOu.  For  a  particular  Vehicle,  a  truncated  PylOn  failing 
could  substantially  relieve  some  of  the  problems  involved  in  an  internal  installation  of  a  group  of 
accessory  components.  Once  more  it  is  illustrated  that  there  is  much  need  for  forethought,  test,  and 
wljJrt-  *.  'e  .tgi,  aiwcml :  a.  ,T  teRPchttl  V  CofcxroMti. 

7  WING 

Intentionally,  becauue  their  aerodynamic  problems  are  similar,  the  wing  and  the  horizontal  and  vertical 
tail  planes  are  the  last  to  be  discussed.  Their  aerodynamic  problems  have  more  influence  on  the  stability, 
controllability,  and  maneuverability  of  the  helicopter  than  all  of  the  other  nonrotating  components. 

In  the  preceding  discussion  we  have  seen  that,  in  forward  flight,  a  rotor  less  heavily  loaded  may 
have  some  advantage  due  to  a  decrease  in  aerodynamic  asymmetry.  This  decrease  in  aerodynamic  asymmetry 
is  beneficial  because  of  the  consequent  reduction  in  oscillating  loads,  vibration,  stall  and  compressibility 
effects,  etc. 

A  method  to  partially  unload  the  rotor  during  forward  flight  is  to  provide  the  helicopter  with  a 
lifting  device;  namely  the  wing.  The  presence  of  this  wing  creates  design  and  aerodynamic  problems  at  the 
same  time  that  it  provides  the  advantages  of  extra  lift  and  possible  better  high  speed  maneuvering  capa¬ 
bility.  Stated  below  are  just  a  few  of  the  many  arguments  against  the  wing  and  all  must  be  taken  into 
consideration  when  designing  a  winged  helicopter.  In  forward  flight  for  the  same  total  lift,  the  combination 
of  rotor  plus  wing  may  have  a  higher  parasitic  drag  and  may  have  a  higher  induced  drag  than  the  rotor  alone 
configuration.  In  hovering,  the  wing  negatively  affects  performance  both  because  of  its  own  weight  and 
because  of  download  effects  on  the  wing  generated  by  downwash  from  the  main  rotor.  During  forward  auto¬ 
rotation,  if  the  main  rotor  has  been  excessively  unloaded  by  the  wing,  the  RPM  will  be  lowered. 


346 


21—4 

With  this  lowered  or  too  low  RPM,  control  power  is  reduced  or  is  insufficient  for  flight.  This  loss  of 
control  power  becomes  critical  in  the  presence  of  gust  disturbances!  at  the  point  where  asymmetrical  wing 
stall  may  occurt  etc.  Spoilers  may  be  placed  on  the  wingt  to  reduoe  excessive  unloading  of  the  main  rotor. 
Howevert  pitch  moment  problems  may  result  when  these  spoilers  are  motivated  unless  their  configuration  is 
very  carefully  designed  to  reduce  or  minimize  adverse  pitch  ohange  characteristics. 

In  spite  of  these  drawbacks!  1't  appears  to  be  advantageous  for  a  fast  helicopter  to  be  winged.  Today 
almost  all  large  producers  have  been  and/or  are  investigating  this  possibility. 

One  of  the  many  items  of  design  criterion  includes  the  fact  that  the  wing  design  is  quite  dependent 
on  the  type  of  rotor.  In  general,  rigid  rotors  can  be  unloaded  more  than  semi  rigid  or  articulated  rotors. 
As  this  unloading  can  be  from  30  to  90$  of  the  gross  weight  of  the  helicopter,  a  wide  band  is  created  with 
many  possibilities  for  compromise. 

Wing  flaps  are  another  nonrotating  feature  to  be  considered.  Because  the  shift  in  CG  position  changes 

the  attitude  of  the  helicopter  fuselage  in  flight,  it  is  necessary  that  a  device  be  provided  to  compensate 

for  such  shifting.  This  device  may  be  in  the  form  of  a  tilting  or  .  ivoting  wing  but  the  addition  of  wing 

flaps  to  a  fixed  wing  will  make  it  possible  to  control  the  wing  lift  contribution  independently  of  the 
fuselage  attitude. 

The  addition  of  a  wing,  to  unload  the  rotor  in  forward  flight,  may  decrease  control  capability.  This 
is  especially  true  in  the  case  of  high  speed  helicopters.  To  restore  the  desired  control,  it  appears 
advisable  to  add  another  nonrotating  aerodynamic  control;  the  aileron. 

Flaps  and  ailerons  thus  add  two  more  components  to  the  compromise  probabilities  and  again  increase 
the  need  for  thorough  testing  and  analysis. 

8  VERTICAL  TAIL 

Determination  of  the  position  and  area  of  the  vertical  tail  requires  consideration  of  static  stability 
and  intrinsic  directional  stability  in  case  of  tail  rotor  failure.  In  determining  the  position  of  the 
vertical  tail,  compromises  must  be  made  to  allow  for  the  influence  of  the  main  rotor  wake,  the  main  pylon 
wake,  engine  exhaust  interference,  etc.  Almost  all  of  the  various  problems  of  the  main-rotor/wing  are 
inherent  but  in  a  lateral  direction.  Unloading  a  tail  rotor,  by  the  employment  of  a  cambered  vertical 
tail,  reduces  the  flapping  angle  and  improves  fatigue  life  by  the  consequent  decrease  in  vibration. 

9  HORIZONTAL  TAIL  PLANE 

With  the  increase  in  speed  of  the  helicopter,  the  study  of  a  horizontal  tail  plane  has  become  more 
and  more  a  sensitive  and  important  problem.  When  speed  is  increased,  aerodynamic  forces  and  possible 
destabilizing  moments  of  the  fuselage  become  quite  relevant.  Consequent  thereto  is  the  increase  in 
importance  of  the  contribution  of  nonrotating  components  to  longitudinal  stabilization  and  control  power 
margin.  As  much  work  is  being  done  on  stability  augmentation  systems  (SAS),  it  will  only  be  mentioned  that 
such  a  system  should  definitely  be  considered  wherever,  bb  in  the  case  of  the  tail  plane,  the  control  power 
margin  may  be  affected. 

In  the  newer  helicopter^  the  necessity  of  installing  a  horizontal  tail  is  apparent.  It  is  also 
apparent  that,  on  a  helicopter  with  a  horizontal  tail  plane,  the  farther  this  tail  plane  is  placed  aft 
from  the  CG  the  more  effective  it  becomes. 

Size  and  positioning  of  this  horizontal  tail  axe  dictated  by  considerations  of  stability  and  of  inter¬ 
ferences  by  the  main  rotor  wake.  The  area  of  this  tail  plane  is  critical.  If  too  small,  adequate  stabil¬ 
ity  will  not  be  guaranteed.  If  too  large,  size  alone  will  create  unnecessary  parasitic  drag  and  may  pro¬ 
duce  high  nose  down  pitching  moments  in  the  case  of  vertical  autorotation.  Relative  to  positioning,  it  is 
sometimes  advisable  to  have  this  horizontal  tail  always  in  the  main  rotor  wake.  Longitudinal  instability 
could  be  caused  during  transition  from  hover  to  forward  flight  if  the  main  rotor  wake  impinges  on  the 
horizontal  tail  for  only  a  part  of  the  time. 

It  appears  desirable  to  consider  a  trimmable  horizontal  tail  plane  and/or  also  provision  for  this 
tail  plane  to  be  connected  to  the  pitch  component  of  the  cyclic  control.  In  forward  flight,  a  trimmable 
horizontal  tail  provides  a  means  to  control  the  fuselage  attitude  independent  of  the  CG  position  in  relation 
to  the  rotor  and  further  to  control  wing/rotor  lift  sharing.  Peripheral  advantages  may  be  the  rsduction 
in  fuselage  drag,  etc. 

Dependent  on  the  compromises,  all  of  these  factors  may  have  a  beneficial  influence  on  vibrations, 
oscillatory  loads,  and  helicopter  performance.  Figures  5  and  6  from  Reference  4  show,  for  a  particular 
case,  the  influence  of  the  horizontal  tail  plane  incidence  on  the  main  rotor  loads  and  on  flapping.  With 
the  possibility  of  controlling  the  fuselage  attitude,  the  control  power  margin  for  maneuvering  may  also 
be  increased. 
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10  RIXAR1C3 

The  rate  of  increase  of  compromise  possibilities  and  probabilities  becomes  almost  infinite  when  consider¬ 
ation  is  given  to  each  new  feature  that  may  be  added,  each  feature  that  may  be  improved  by  the  development 
of  a  new  or  better  item,  and  then  by  imposing  thereon  the  whims  and  fantasies  of  designer,  manufacturer, 
buyer,  and  ultimate  user.  Only  a  small  portion  of  the  picture  has  been  herein  portrayed.  This  portion 
shows,  briefly,  that  low  drag  in  a  helicopter  does  not  oome  fortuitously  from  a  combination  of  favorable 
oircumstances,  but  is  the  result  of  careful  selection  of  components  to  be  encompassed  in  the  complete  heli¬ 
copter  design. 

1 1  WIND  TUNNEL  TEST  AND  ANALYSIS  OF  THE  SV-20A 

The  first  part  of  this  Paper  describes,  generally,  the  aerodynamic  characteristics  of  a  few  nonrotating 
helicopter  components  and  their  influence  on  helicopter  performance. 

Now  are  presented  some  aerodynamic  data  obtained  from  wind  tunnel  tests  performed  on  the  model  of  the 
SV-20A.  These  data  can  be  interesting  becauee  the  SV-20A  configuration  includes  almost  all  of  the  aero¬ 
dynamic  features  of  which  we  have  previously  spoken. 

12  MODELS 

An  initial  1/8  scale  model  waB  constructed  which,  with  the  appropriate  modifications  as  the  SV-20A 
design  progressed,  has  been  tested  repeatedly  in  the  subsonic  wind  tunnels  at  University  di  Pisa  and  Poli- 
tecnico  di  Torino. 

As  a  result  of  the  experience  with  this  1/8  scale  model,  a  new  3/20  scale  breakdown  model  (Fig.  7)  for 
wind  tunnel  testing  was  designed  and  constructed.  Figure  8  shows  some  of  the  many  components  of  this  model. 
Specifically  it  has  been  designed  to  facilitate  the  wind  tunnel  tosting  of  various  combinations  of  its 
components. 

1?  WIND  TUNNEL  TESTS  AND  ANALYSIS 

The  very  simple  wind  tunnel  testing  technique  of  talc-kerosene  boundary-layer  airflow  visualization 
photographs  has  yielded  a  surprising  amount  of  information.  Figures  9  and  10  show  two  results  of  thiB 
technique,  figure  9  shows  an  early  main  rotor  pylon  configuration  with  the  maximum  thickness  relatively 
for  forward.  Even  at  a  fuselage  pitch  attitude  or  angle  of  attach  of  0°  (wing  angle  of  attack  of  8°),  aero¬ 
dynamic  interference  apparently  caused  by  the  nearly  coincident  maximum  thicknesses  of  the  fuselage,  wing, 
and  main  rotor  pylon  produced  a  very  early  inboard  wing  trailing  edge  airflow  separation.  Figure  10  shows 
a  revised  configuration.  The  main  rotor  pylon  shape  has  been  based  on  the  NACA  65-OXX  airfoil  and  the 
engine  nacelle  shape  has  been  altered.  As  Bhown  at  two  degrees  fuselage  pitch  attitude,  the  inboard  wing 
airflow  separation  has  been  somewhat  improved,  but  still  needs  further  work.  It  is  to  be  noted  that,  on 
both  of  these  airflow  visualization  photographs,  the  right  side  fuselage/wing— t railing-edge  junction  has 
only  a  minimum  fillet,  whereas  the  same  junction  on  the  left  side  has  an  extended  fillet  built  from  modeling 
clay  (and  not  entirely  smooth). 

The  information  resulting  from  simple  airflow  visualization  techniques,  as  outlined  above,  is  helpful 
but  it  does  not  provide  any  numbers  for  lift,  drag,  pitch  moment,  etc.  for  use  in  further  analysis.  There¬ 
fore,  both  the  1/8  scale  and  the  3/20  scale  models  have  been  and  are  being  tested  to  measure  these  forces 
and  moments. 

14  DRAG 

The  next  plots  show  some  of  the  results  of  the  tests  which  were  made  in  the  wind  tunnel  at  Politecnico 
di  Torino.  Figure  12  shows  the  parasitic  drag  point  for  the  SV-20A  configuration  as  obtained  from  wind 
tunnel  tests.  This  value  has  been  obtained  from  the  plot  of  Cp  versus  CL  ,  as  shown  in  Figure  11,  and  the 
extrapolation  of  the  curve  to  zero.  Owing  to  the  particular  study  of  the  aerodynamics  of  the  nonrotating 
components,  the  equivalent  fiat  plate  drag  area  is  somewhat  lower  than  for  similar  helicopters. 

Figure  11  shows  another  interesting  resultf  the  occurrence  of  complete  wing  stall  at  a  squared  lift 
coefficient  of  about  0.9,  which  means  at  the  fuselage  pitch  attitude  of  approximately  7.5°*  (The  small 
numbers  in  the  vicinity  of  the  data  points  on  Figure  11  are  the  nominal  fuselage  pitch  attitude  angles  in 
degrees). 

The  wing  trailing  edge  stall  is  due  to  aerodynamic  interference,  as  shown  in  the  visualization  photo¬ 
graph  (Fig.  lo),  and  it  is  probably  the  cause  of  the  discontinuity  of  th<"  curve  at  the  fuselage  attitude 
of  about  4*7°. 

The  slope  of  the  straight  element  of  the  curve  is  0.0645*  Using  this  value  in  calculations  for  both 
the  aspect  and  taper  ratios,  results  in  a  value  of  e  =  0.68.  Noting. the  large  fuselage,  the  large  nacelles, 
and  the  relatively  small  wing  area,  this  value  can  be  considered  a  good  one  because  for  most  airplanes  the 
range  is  from  0.7  to  0.85. 
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15  HORIZONTAL  TAIL  PLANE  (SV-20A) 

Previously  we  have  spoken  about  the  influence  of  the  horizontal  tail  plane  both  on  the  helicopter 
instrinsic  flight  performances  (stability!  controllability!  maneuverability!  lift,  dragt  etc.)  and  on  dynamic 
loads.  It  iS|  therefore!  necessary  that  a  preoise  investigation  be  made  to  determine  the  relative  position, 
area,  and  setting  of  the  horizontal  tail.  Figure  13  shows  the  test  results  of  a  particular  configuration 
of  the  SV-20A  with  the  inverted,  highly  cambered,  horizontal  tail  plane  (NACA  6712).  The  oign  convention 
is  positive  for  the  "nose  up"  position  of  this  horizontal  tail. 

Starting  with  these  data  and  the  volume  coefficient  (Ref.  8),  it  is  possible  to  calculate  the  exper¬ 
imental  slops  of  the  lift  curve,  d,cL  ,  of  the  horizontal  tail.  The  results  of  this  calculation  were 
compared  with  the  analytical  aa  results,  which  were  derived  from  the  data  obtained  from  the  two- 

dimensional  airfoil  using  the  Betz  correction  for  the  aspect  ratio.  Figure  14  is  a  plot  of  the  ratio  of 
these  values  and  indicates  the  horizontal  tail  plane's  efficiency.  Using  this  tail  plane  efficiency  cor¬ 
rection,  it  is  possible  to  make  good  estimates  of  the  effect  resulting  from  changing  the  geometric  character¬ 
istics  of  the  horizontal  tail  plane. 

16  DIRECTIONAL  STABILITY 

Because  the  wake  of  the  pylon  exerts  considerable  influence  on  the  vertical  tail  plane  efficiency, 
particular  care  has  been  used  in  the  investigation  of  the  directional  stability  characteristics.  In 
Figures  15  and  16  are  plotted  some  interesting  data  obtained  by  testing  one  of  the  configurations  of  the 
SV-20A  helicopter  model. 

Figure  15  points  out  the  fuselage  pitch  attitude  influence.  This  configuration,  at  a  pitch  attitude 
equal  to  0°,  appears  directionally  unstable  over  a  yaw  angle  range  of  about  +4°;  on  the  contrary,  for  a 
pitch  attitude  of  -4°,  the  stability  is  about  neutral.  This  is  apparently  caused  by  the  emergence  of  at 
least  a  part  of  the  vertical  tail  from  the  wake  of  the  main  rotor  pylon.  It  is  found  that  the  horizontal 
tail,  situated  relatively  far  forward  from  the  vertical  tail,  because  of  main  rotor  wake  considerations, 
exerts  significant  influence  on  the  vertical  tail  efficiency. 

Apparently  the  downwash  effects  from  the  horizontal  tail  deflect  the  wake  from  the  main  rotor  pylon. 

When  this  horizontal  tail  is  at  -5°  (nose  down),  the  main  pylon  wake  is  deflected  upward  to  cover  a  signi- 
porttc;.  f  *4*  TaH  tfee  verti'ii  tail  -trllftrtiori  iiMrt i’jnul 

stability  as  shown  in  Figure  16.  When  this  horizontal  tail  is  at  *5°  (nose  up),  the  main  pylon  wake  iB 
not  deflected  as  far  (permitting  at  least  a  part  of  the  vertical  tail  to  be  in  undisturbed  airflow)  and  the 
re-ult  is  a  ticre  aaticfurtcry  iirw'-t icral  utalilily. 

17  CONCLUSION 

This  paper  has  presented  only  some  of  the  more  interesting  and  easy  to  visualize  samples  of  the  wind 
tunnel  data  that  have  been  accumulated  up  to  this  time.  It  is  realized  that  the  data  presented  does  not 
re  resent  a  rur  telulr  ■rtt«rAir»jrjr  -«r  -.Jpuiic  Cinfigueatt  n.  ivj,  '  Jn?T  r  t  w  ietgfe 

these  lines  and  it  is  expected  that  further,  relati  sly  minor,  changes  will  produce  a  configuration  with 
optimum  aerodynamic  cleanliness. 
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GURE  3  MAIN  ROTOR  CONTROL  LOADS  V  (k  T  s) 
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FUNDAMENTAL  CONSIDERATIONS  OF  NOISE  RADIATION  BY 
ROTARY  WINGS* 


by 
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Loughborough  Univaraity  of  Technology, 
Leiccatarahirc ,  England. 


SUMMARY 

Tha  papar  commences  with  an  hiatorical  ravicw  of  progrcaa  in  undera tanding  of  rotor 
noiaa.  Initial  work  waa  principally  on  propellers,  but  haa  many  obvioua  applications  to 
noiaa  from  rotary  winga.  Current  understanding  of  rotor  noise  radiation  it  then  reviewed 
in  tome  detail.  The  principal  noiae  sources  appear  to  be:  diacrete  frequency  due  to  dis¬ 
torted  inflow,  low  frequency  broadband  due  to  turbulent  inflow,  and  high  frequency  broad¬ 
band  dua  to  tip  effects.  On  a  helicopter  rotor  each  of  these  sources  seems  to  be 
intimately  connected  with  the  shed  vortex  wakes.  Tip  modifications  offer  one  method  for 
controlling  the  effects.  The  implications  for  the  designer  are  discussed.  Rotor 
subjective  noise  levels  appear  to  obey  a  velocity  to  the  eighth  power  law,  independent  of 
thrust.  Experiments  to  rectify  some  of  the  present  deficiencies  in  knowledge  are 
suggested. 


1.  INTRODUCTION 
1.1  The  first  studies 


The  earliest  demonstration  of  sound  from  a  rotating  source  appears  to  have  been 
performed  by  Mach1.  The  apparatus  is  described  by  Rayleigh2,  with  his  customary  lucidity, 
as  follows:  "It  consists  of  a  tube  six  feet  (183cm)  in  length,  capable  of  turning  about 
an  axis  at  its  centre.  At  one  end  is  placed  a  small  whistle  or  reed  which  is  blown  by 
wind  forced  along  the  axis  of  the  tube.  An  observer  situated  in  the  plane  of  rotation 
hears  a  note  of  fluctuating  pitch,  but  if  he  places  himself  in  the  prolongation  of  the 
axis  of  rotation  the  sound  becomes  steady".  The  effect  is  due  to  the  modulated  Doppler 
shift  in  observed  frequency  at  off-axis  positions.  Frequency  modulation  of  a  rotating 
source  is  a  fundamental  property,  and  has  many  significant  implications  for  rotor  noise 
at  will  be  shown. 

Sound  radiation  from  rotating  sources  was  solely  a  laboratory  curiosity  for  many 
years,  until  the  advent  of  propeller  powered  aircraft.  It  then  became  apparent  that  a 
rotating  propeller  was  a  source  of  significant  noise  radiation.  This  had  immediate 
military  relevance  because  of  the  possibility  of  acoustic  detection  and  location  of  air¬ 
craft,  and  in  Britain  a  special  experimental  station  was  set  up  at  Butley,  Suffolk,  for 
noise  studies3.  Acoustic  measuring  apparatus  available  in  1917  was  crude.  The  most 
advanced  form  of  analysis  was  made  via  measurements  of  groove  depth  on  a  phonograph 
recording.  From  this  Fourier  analysis  was  in  principle  possible,  but  little  spectral  data 
was  published.  However,  these  shortcomings  necessitated  more  active  reliance  on 
intelligent  subjective  observation  and  reported  results  of  tests3  correctly  define  features 
which  were  still  a  matter  of  controversy  fifty  years  later.  Perhaps  there  is  an  important 
moral  here. 


Two  of  these  features  were  the  minimum  of  propeller  noise  observed  on  axis,  and  the 
major  difference  between  ground  and  flight  tests  at  nominally  equivalent  conditions. 

This  latter  point  is  often  overlooked  even  today.  Much  reported  data  on  propeller  noise 
taken  on  ground  rigs  is  irrelevant  to  noise  in  flight.  For  helicopter  rotors  the  problem 
is  less  acute,  and  ground  data  is  probably  more  representative,  but  considerable  care  in 
extrapolation  will  always  be  necessary. 


Theoretical  work  on  the  propeller  noise  problem  was  also  undertaken.  Lynam  and  Webb4 
considered  the  propeller  as  a  ring  of  sources  and  sinks,  and  properly  evaluated  the 
retarded  time  integral  to  give  a  solution  in  terms  of  Bessel  functions.  However  their 
basic  model  of  the  propeller  was  equivalent  to  an  axial  dipole  and  necessarily  led  to  the 
prediction  of  zero  sound  in  the  rotor  disc  plane,  completely  contrary  to  experimental 
findings.  They  therefore  removed  the  sinks  to  infinity,  and  the  rotating  source  results, 
although  physically  rather  meaningless,  at  least  resembled  experimental  trends.  Bryan's’ 
approach  was  more  fundamental,  and  he  did  indicate  the  solutions  for  dipoles  oriented  in 
each  of  the  three  major  directions,  but  he  avoided  explicitly  modelling  the  propeller. 


In  the  inter-war  years  interest  in  propeller  noise  reduced.  The  official  attitude 
appears  to  have  been  that,  quoting  from  Reference  3,  "The  problem  of  silencing  an  aircraft 
in  flight  was  one  of  such  difficulty  that  substantial  progress  was  unlikely".  The  author 
went  on  to  mak»  a  plea  for  imoroved  instrumentation,  and  indeed  it  appears  that  only  now 
uo  we  at  last  have  sufficiently  good  instruments  and  analysis  methods  to  permit  a  full 
understanding  of  rotor  noise  sources. 


22.2 


British  work  concentrated  on  internal  noiae  problem*  in  aircraft,  for,  to  quote  from 
Davit7  in  1932,  "It  it  common  knowledge  that  until  comparatively  recently  the  noiae  in 
the  cabins  of  aircraft  was  so  extreme  that  for  many  persons  it  constituted  the  chief 
deterrent  to  air  travel.  Conversation  was  wholly  impossible,  and  often  wads  of  cotton 
wool  were  issued  to  passengers  to  enable  them  to  obtain  some  slight  -  but  welcome  -  relief 
from  the  pandemonium  of  sounds,  and  to  protect  them  in  some  measure  from  the  period  of 
perceptible  deafness  which  followed  an  excursion  by  air".  Possibly  the  same  remarks  apply 
to  certain  rotor  powered  craft  today,  but,  in  general,  the  achievement  of  acoustic  science 
so  far  has  been  to  remove  the  noise  problem  from  the  interior  of  aircraft  and  to  impose  it 
instead  on  the  community  at  large. 

Some  valuable  experimental  work  on  propeller  ..oise  was  reported  by  Kemp6  and  Paris6. 
They  both  found  that  the  sound  showed  a  marked  peak  just  behind  the  rotor  disc.  Paris 
attempted  to  explain  this  by  combining  the  single  and  double  source  hypotheses  from  Lynam 
and  Webb's  work.  This  arbitrary  assumption  was  quite  close  to  the  truth,  but  the  problem 
of  modelling  the  boundary  conditions  for  the  propeller  was  still  not  solved  correctly. 

This  remained  the  case  until  1936,  when  Gutin10  produced  his  now  classic  paper,  identifying 
the  forces  on  the  rotor  as  dipole  acoustic  sources.  The  result  used  was  based  on  a  formula 
in  Lamb's  Hydrodynamics11,  a  book  which  must  have  been  familiar  to  the  earlier  workers. 

By  combining  terms  proportional  to  both  thrust  and  drag  (torque),  Gutin  predicted  sound 
with  a  maximum  behind  the  disc  and  a  non-zero  level  in  the  disc  plane,  in  agreement  with 
experimental  trends.  Furthermore  the  theoretical  value  for  the  overall  level  of  noise 
radiation  was  encouragingly  close  to  experiment.  Thus  Gutin's  model  of  noise  radiation 
by  the  action  of  rotating  steady  forces  on  the  propeller  became  widely  accepted,  and  the 
discrete  frequency  noise  due  to  the  steady  forces  alone  acting  on  a  rotor  is  now  often 
known  as  'Gutin'  noise. 

The  second  major  component  of  noise  from  a  rotor  is  broad  band  In  nature.  Tlit  flrat 
experiments  relevant  to  this  source  were  performed  by  Stowell  and  Deming12  who  measured 
the  noise  from  rotating  cylindrical  rods.  Cylinders  in  a  uniform  flow  radiate  Aeolian 
tone  noise  due  to  the  action  of  their  Karman  vortex  street,  and  Stowell  and  Deming  found 
that  the  noise  radiation  from  the  rotating  cylinders  was  within  a  frequency  range  compat¬ 
ible  with  the  expected  variation  of  Strouhal  frequency  over  the  road.  Fuller  experiments 
were  reported  by  Yudin13.  He  analysed  the  noise  from  several  rotating  shapes,  and  also 
presented  a  theoretical  analysis.  This  followed  Gutin  in  modelling  the  fluctuating  forces 
dn  ths  Zuds  at  dip  I**  .  Yudin  f  jumd  tJu.11  th.  si.und  own.t  u*  .  tivien  b*  'm  equation  f  the 
form 

W  -  K  — S  V6  (1) 

a0 

where  W  is  acoustic  power 

p  is  density 

a0  is  speed  of  sound 

S  is  profile  area 

VT  is  tip  velocity 

and  K*  is  an  empirical  constant 

Yudin  found  that  a  wide  variety  of  profiles,  including  both  aerofoils  and  circular 
cylinders,  obeyed  this  general  law,  differing  only  in  their  value  of  the  empirical  constant 
K.  Essentially  equivalent  formulae  are  in  use  today  for  prediction,  as  will  be  discussed 
later.  Further  experiments  along  similar  lines  were  later  reported  by  Von  Wittern11. 

These  are  of  interest  because  they  are  the  first  to  demonstrate  the  Doppler  broadening  of 
the  broadband  noise  spectrum  at  the  higher  rotational  speeds  on  a  rotor.  This  is  as 
expected  after  the  first  experiments  of  Mach1. 

Thus,  at  the  end  of  the  second  war  work,  principally  in  Russia  and  England,  had  laid 
a  foundation  for  the  understanding  of  the  noise  from  rotating  sources.  In  addition  a 
substantial  amount  of  information  was  available  from  abortive  German  work  aimed  at  acoustic 
location  of  aircraft15.  But  comparatively  little  experimental  work  had  been  performed  on 
noise  from  full  scale  propellers.  This  deficiency  was  soon  remedied  in  America,  when  a 
series  of  systematic  acoustic  experiments  on  far  field  sound  radiation  commenced  at  NACA 
Langley.  This  data  provided  the  basis  of  our  knowledge  of  rotor  noise  today.  A  scries 
of  reports  were  produced,  for  example  References  16-21.  Much  of  the  presented  data  suffer 
from  one  obvious  drawback.  They  were  taken  on  a  stationary  propeller.  However,  the 
propellers  were  mounted  in  a  clear  area  and  acoustic  data  were  only  taken  during  calm  air 
conditions.  Wind  can  have  a  major  effect.  Hicks  and  Hubbard15  record  that  "measurements 
taken  on  a  day  when  gusts  were  approximately  20  m.p.h.  showed  sound  pressure  variations 
of  approximately  IS  decibels".  Other  experimenters  have  not  been  so  careful  either  in 
their  choice  of  rig  location,  or  of  test  conditions. 

Data  from  the  early  tests  were  presented  principally  in  terms  of  overall  sound 
pressure  level  at  the  position  of  maximum  noise.  The  Gutin  theory  gives  fairly  acceptable 
results  for  such  points,  at  least  for  tip  Mach  numbers  greater  than  about  0*6.  But  at 
lover  tip  Mach  numbers  the  Gutin  theory  systematically  underestimates  even  the  overall 
noise  level,  especially  for  rotcre  with  high  blade  numbers.  This  discrepancy  was  explained 
as  "the  contribution  from  the  oscillating  disturbances  in  the  flow  around  the  propeller 
blade"15.  The  concept  that  turbulence  interacting  with  the  blade  can  give  rise  to  a 
significant  broad  band  noise  spectrum  is  undoubtedly  correct.  Unfortunately,  the  physical 
model  tsR  i.  f  ct  this,  -noise  v a o  L  --  d  e  A  on  tin.  i. al VI  - Y  oXp arrive nt A  o-f.  tf  rating  V  A  b  ,  Git  t  Ti  b  ?.  fc  A 
above.  Consequently,  this  original  rather  general  concept  of  vortex  noise  was  re-inter¬ 
preted  as  a  noise  specifically  due  to  trailing  edge  vortex  sheading.  This  is  rather 
misleading . 
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The  original  experiments  involved  rotating  cylinders  in  their  own  wake,  forcing  a 
response  at  the  wake  frequency.  It  is  noteworthy  that  Yudin's  results  show  how  the  noise 
radiated  by  a  flat  plate  actually  reduces  compared  to  the  zero  incidence  case  when  the 
plate  is  at  10°  incidence.  In  the  latter  case,  the  blades  would  not  pass  through  their 
own  wake.  The  importance  of  this  was  demonstrated  as  early  as  1924  in  a  paper  by 
G.I.  Taylor22  based  on  observations  on  a  toasting  fork.  The  fork  was  observed  to  radiate 
far  move  noise  when  moved  rapidly  through  he  air  with  the  prong  plane  held  parallel  to 
the  motion  than  with  the  prong  plane  at  right  angles  to  the  motion.  In  the  first  case 
each  prong  is  bathed  in  the  wake  of  its  leader,  while  in  the  latter  case  each  prong  can 
react  independently.  This  clearly  shows  the  relative  significance  of  self-induced  and 
external  turbulence. 

The  first  paper  specifically  oriented  towards  helicopter  rotor  noise  was  also  the 
result  of  work  of  the  NACA  Langley  group.  Hubbard  and  Maglieri's  paper21  contains  much 
significant  information,  and  their  principal  results  are  shown  here  as  Figure  1.  This 
shows  several  important  features  of  rotor  noise.  Firstly,  the  noise  increases  rapidly 
with  tip  speed.  Secondly,  it  can  increase  markedly  as  the  blade  approaches  stall,  (solid 
symbols  on  Figure  1).  Thirdly,  the  noise  levels  can  also  increase  at  low  rotor  incidences. 
Thus  a  minimum  in  rotor  noise  occurs  in  the  intermediate  operating  range  of  the  rotor. 

This  is  of  obvious  interest  to  the  designer.  Hubbard  and  Maglieri  found  the  sound  at  high 
speeds  for  low  rotor  incidences  to  be  particularly  intense.  Today  this  would  be  known  as 
blade  slap.  It  is  obviously  directly  related  to  the  wake  interaction  effects  demonstrated 
by  the  experiments  of  Yudin  and  Taylor. 


NOISE  LEVEL 
dB 


DISK  LOADING,  lb/ft2 


Figure  1;  Rotor  noise  levels  after  Hubbard  and  Maglieri21 


Comparison  of  the  then  existing  theory  with  the  helicopter  noise  data  gives  mixed 
results.  For  prediction  of  overall  levels  near  the  plane  of  the  rotor  disc  the  Gutin 
theory  for  the  rotational  noise,  supported  by  a  vortex  noise  formula  at  the  lower  rotat¬ 
ional  speeds  is  generally  acceptable.  Unfortunately,  more  detailed  predictions  are 
required  for  subjective  ratings,  including  definition  of  the  frequency  spectrum.  In  the 
early  experimental  work  on  propellers  spectral  measurements  were  tedious,  and  only  limited 
results  from  the  wave  analyser  were  usually  presented.  These  showed  that  the  Cutin 
formula  systematically  underestimated  the  noise  level  at  the  higher  frequencies,  especially 
for  low  tip  speeds  or  many  bladed  propellers.  One  further  discrepancy  was  also  clear. 

The  Gutin  theory  predicts  zero  discrete  frequency  noise  on  the  rotor  axis.  However, 
significant  discrete  frequency  levels  are  inevitably  measured  on  the  axis. 


All  these  problems  became  especially  acute  for  helicopter  noise.  The  fundamental 
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frequency  for  a  helicopter  rotor  ia  normally  below  the  range  of  hearing  ao  that  it  it  only 
the  higher  harmonica  which  are  important.  The  rotora  normally  operate  at  moderate  tip 
speeds,  and  near  axia  locationa  have  far  more  practical  a igni f i cance .  Vortex  noiae  concepta 
cannot  explain  all  ther.e  problems,  and  it  became  clear  that,  in  aome  important  respect  the 
theory  waa  incomplete.  A  significant  improvement  waa  necessary  to  allow  understanding  of 
helicopter  noise  predictions.  A  vital  clue  could  have  been  found  from  the  work  of  Kemp*1 
in  1932.  He  found  that  sound  just  behind  the  propeller  disc  (where  the  Gutin  noise  ia  at 
its  maximum)  waa  comparatively  steady  in  level.  But  he  also  found  substantial  fluctuations 
in  level  near  the  axis  and  for  the  higher  harmonica;  that  is,  for  just  those  conditions 
where  the  Gutin  theory  is  inadequate.  Gutin  considered  the  noiae  resulting  from  steady 
loads  only.  This  suggests  that  the  key  to  all  the  problems  is  the  action  of  the  fluctuating 
loads . 

2.  THE  BASIS  OF  PRESENT  UNDERSTANDING 
2 . 1  Effects  of  non-uniformity 

The  possible  significance  of  unsteady  load  components  was  recognised  by  many  workers 
and  was,  indeed,  the  motivation  behind  the  original  vortex  noise  concepts.  But  their 
explicit  inclusion  in  a  rotating  source  theory  has  only  occurred  recently23'25.  The  first 
work  applying  these  ideas  to  rotor  noise  was  that  of  Schlegel,  King  and  Mull23  who 
numerically  evaluated  the  retarded  time  integrals  of  the  unsteady  source  functions. 

Computer  time  and  accuracy  were  their  main  problems.  Shortly  thereafter  Lowson  and  Oiler- 
head24  and  Wright25  gave  analytic  solutions  for  the  noise  as  the  summation  of  an  infinite 
series  of  Bessel  functions.  The  actual  result  is  as  follows,  based  on  equation  11  of 
Reference  26. 


infi  r.  .  >  n-X  A1X  „  ,  (nMy) 

cn  ■  ITa^r  ^("l>  ~  ‘  ~TT  DX  Jn-X  “Pf  (2) 

where  c  is  the  magnitude  of  the  sound  in  the  nt*1  harmonic 

n  is  the  rotational  speed  in  radians /second 

a0  is  the  speed  of  sound 

r;  is  the  distance  from  rotor  hub  to  observer 

Tx ,D^  are  the  harmonic  components  of  axial  and  circumferential 
force  on  the  rotor. 

This  result  allowed  much  further  insight  into  the  underlying  acoustic  source  mechanisms 
and  justifies  further  discussion. 

The  non-uniform  inflow  into  the  disc  is  Fourier  analysed  into  a  series  of  "modes". 

Each  mode  is  a  steady  sinusoidal  distortion  pattern  around  the  disc,  which  causes  a  sinu¬ 
soidal  force  fluctuation  at  the  rotor.  Thus  each  mode  causes  a  fluctuating  force  of 
different  frequency  on  the  rotor  disc.  On  the  axis  of  the  rotor  each  frequency  is  heard 
directly,  but  off  the  axis  the  modulated  Doppler  frequency  shift  reported  by  Mach  causes 
a  large  number  of  acoustic  frequencies  to  result  from  each  single  mode  input.  Thus  it  is 
found  that  away  from  this  axis  each  mode  is  an  effective  sound  generator  over  a  range  of 
harmonic  frequencies.  Inverting  this  argument  it  is  seen  that  each  sound  harmonic  results 
from  contributions  from  a  limited  number  of  modes.  Figure  2  taken  from  Ref.  24  shows  the 
effect  for  a  particular  sound  harmonic  mB»16  where  m  is  the  harmonic  order  and  B  is  the 
blade  number.  It  will  be  observed  that  the  contribution  to  this  harmonic  drops  away  very 
rapidly  outside  a  central  range  over  which  the  efficiency  is  essentially  constant.  The 
range  of  distortion  modes  which  are  important  for  each  sound  harmonic  is  shown  in  Figure  3, 
also  from  Ref.  24. 
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Figure  2  :  Contribution  of  higher  Figure  3:  Range  of  effective 

harmonics  to  rotor  noise21*  contribution  of  loading 

harmonics  to  sound  radiation21* 

On  the  rotor  axis,  where  there  is  no  Doppler  shift,  there  is  a  one  to  one  relation 
between  input  modes  and  output  harmonics.  Equation  (2)  takes  a  particularly  simple  form 
for  this  case  reducing  to 


Contribution  of  higher 
harmonics  to  rotor  noise21* 
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In  addition,  sound  harmonics  which  are  not  integral  multiples  of  the  blade  passing 
frequency  cancel  out  identically,  so  that  only  every  BC  mode  (for  a  B  bladed  rotor) 
contributes  to  the  on-axis  noise. 


Equation  (3)  has  important  implications  in  experiment,  for  measurements  of  the  on-axis 
sound  radiation  will  be  directly  related  to  fluctuating  forces  on  the  rotor  disc.  Thus  the 
levels  of  these  forces  can  be  inferred  from  the  on-axis  acoustics.  It  seems  that  on-axis 
measurements  can  be  used  to  some  extent  as  acoustic  diagnosis  of  the  rotor  unsteady  aero¬ 
dynamics.  Once  the  fluctuating  force  field  is  known  the  whole  rotor  noise  field  can  be 
calculated  by  equation  (2),  as  shown  for  instance  by  Barry  and  Moore27.  Thus,  the  on- 
axis  point  becomes  the  prime  location  for  acoustic  measuring  instruments  for  any  test. 

Now  the  steady  loads  correspond  to  the  zero1*1  order  mode.  Going  back  to  Figure  2, 
this  can  be  seen  to  have  very  minimal  contribution  to  the  higher  harmonic  case  given  here. 
Indeed  the  steady  load  contribution  at  M"0'5  is  seen  to  be  about  60dB  down  on  the  con¬ 
tribution  in  the  central  range.  Thus  the  direct  contribution  of  Gutin  noise,  or  of  any 

steady  rotating  acoustic  source,  to  subjective  levels  of  a  low  speed  rotor  is  very  small. 

For  the  case  shown  a  high  order  mode  with  intensity  of  only  one  millionth  of  the  steady 
(that  is,  an  amplitude  of  one  thousandth  of  the  steady)  will  have  an  equal  acoustic  effect. 
Thus  the  enormous  acoustic  efficiency  of  the  higher  order  modes  more  than  compensates 
for  their  small  source  strength.  It  can  be  seen  that  very  minor  levels  of  fluctuation  in 
the  aerodynamic  input  to  the  rotor  can  give  rise  to  very  large  levels  of  high  harmonic 

acoustic  output  from  the  rotor.  The  increase  of  noise  level  by  15dB  due  to  a  20  m.p.h. 

wind  reported  by  Hicks  and  Hubbard16  is  immediately  explained  by  these  arguments. 

The  theory  successfully  explains  the  source  of  rotor  noise  observed  at  both  high 
frequencies  and  low  tip  speeds.  Furthermore,  the  unsteady  sources  can  be  seen  to  radiate 
on  the  rotor  axis.  Thus,  virtually  all  the  disagreements  between  Gutin's  steady  force 
theory  and  experiment  are  resolved  simultaneously.  In  addition,  theory  demonstrates 
unequivocally  that  the  rotor  noise  subjective  levels  can  be  controlled  directly  by 
minimisation  of  all  unsteady  inflow  into  the  rotor. 

Unfortunately,  the  theory  does  not  allow  immediate  prediction  of  the  rotor  noise. 

The  input  loading  data  for  the  Gutin  theory  was  simply  thrust  and  torque,  which  will  be 
known  for  any  rotor.  But  predictions  using  the  unsteady  theory  require  a  knowledge  of 
the  miniscule  levels  of  loadings  in  all  the  higher  modes.  On-axis  acoustic  measurements 
are  a  direct  source  of  this  information.  However,  this  knowledge  is  unlikely  to  be  avail¬ 
able  at  the  design  stage  except  in  special  cases.  Alternative  methods  for  predicting  these 
higher  order  modal  levels  must  therefore  be  sought. 

Lowson  and  Ollerhead24  used  extrapolated  empirical  fits  based  on  data  for  the  aero¬ 
dynamic  loadings  on  a  helicopter  rotor.  It  is  an  open  question  how  representative  these 
results  may  be,  and  they  are  obviously  inappropriate  in  many  cases.  Nevertheless,  they  do 
form  the  basis  for  a  prediction  method  and  some  comparisons  between  Lowson  and  Ollerhead's 
predictions  and  measured  acoustical  data  are  shown  in  Figure  4. 


Sound  Harmonic  Number  Sound  Harmonic  Number 


Figure  4;  Theory  and  experiment  for  noise  from  a  light  helicopter57 


An  explicit  assumption  in  this  prediction  was  that  of  random  phase  for  the  input  modes. 
This  assumption  appears  to  be  in  fair  agreement  with  experiment,  and  allows  the  theory  to 
adopt  a  simpler,  phase  independent  form,  giving  an  axisymmetric  sound  field  around  the 
rotor.  The  noise  output  of  systematic  azimuthal  events  such  as  vortex  intersection  would 
not  be  satisfactorily  predicted  by  this  form  of  the  theory,  but  for  most  cases  the  random 
phase  assumption  gives  a  significant  improvement  in  computational  time  and  ease  of  inter¬ 
pretation.  In  general  terms,  basic  understanding  of  the  discrete  frequency  radiation  from 
a  rotor  is  now  fairly  complete. 
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2 . 2  Broad  band  noise 


The  gentral  concepts  underlying  the  discrete  frequency  radiation  by  rotor  apply 
equally  well  to  the  broad  band  cate.  Random  aource  fluctuations  on  the  blade  will  generate 
broad  band  noise,  with  a  Doppler  broadened  spectrum  due  to  the  rotation.  Theoretical 
calculations  can  be  made  following  this  idea  (see  Refs.  24,  28,  36,  42).  In  practice,  it 
ia  very  difficult  to  draw  a  clear  distinction  between  discrete  frequency  and  broad  band 
noise.  Several  workers  (e.g.  Refs.  24,  29)  showed  how  much  of  the  region  of  the  rotor 
noise  spectrum  which  appeared  to  be  broad  band  in  nature  from  early  tests  in  fact  con¬ 
tained  substantial  contributions  from  the  higher  harmonics  of  the  blade  passing  frequency. 
Categorising  sound  in  this  region  as  either  broad  band  or  discrete  frequency  is  difficult. 
An  experiment  which  does  show  the  classes  clearly  was  reported  by  Leverton29,  and  his 
results  are  reproduced  here  as  Figure  5.  This  shows  analysis  of  measurements  taken  on  a 
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TYPICAL  1.5*  NARROW  BAND  ANALYSIS  (40FT.  ALT.  -  200  FT.  D1ST) 
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Figure  5: 


Narrowband  analysis  of  helicopter  noise 


Hovering  Wessex 


from  Leverton29 


rotor  under  conditions  of  calm,  and  slight  wind.  It  can  be  seen  that  for  calm  conditions 
no  harmonica  are  observable,  whereas  a  slight  wind  immediately  results  in  the  presence  of 
diacrete  frequencies.  Furthermore,  the  underlying  broad  band  level  in  the  slight  wind 
case  is  unchanged.  These  experiments  therefore  demonstrate  the  existence  of  a  genuine 
broad  band  background  noise  radiation  from  a  rotor.  However,  the  fundamental  question  is 
the  source  of  the  random  fluctuations.  As  has  been  discussed,  early  work  was  oriented 
towards  a  trailing  edge  vortex  mechanism  as  a  fundamental  source.  The  first  paper  to 
explicitly  contradict  this  concept  was  produced  by  Kramer30  in  1953.  He  applied  both 
trailing  edge  suction  and  blowing  to  a  propeller,  and  was  unable  to  detect  any  change  in 
level.  This  is  a  powerful  argument  against  any  possible  trailing  edge  effects.  Kramer 
proposed  that  inflow  turbulence  to  a  rotor  was  the  dominant  source. 


Several  source  mechanisms  are  possible.  Calculations  of  the  noise  of  various 
possible  broad  band  acoustic  sources  are  reasonably  straightforward,  and  were  presented 
by  Sharland31.  In  Table  1  a  slightly  modified  set  of  results  is  given  based  on  the  work 
of  Ref.  32.  The  eq  .stions  given  refer  to  three  sources.  Firstly,  inflow  turbulence,  as 
has  been  discussed;  secondly,  sound  due  to  direct  radiation  by  the  random  fluctuating 
pressures  acting  on  the  blade  due  to  its  turbulent  boundary  layer;  and  thirdly,  sound  due 
to  action  of  a  tip  vortex  over  the  extreme  outer  part  of  the  blade. 


Source 

1.  Turbulent  Input 

2.  Attached  Boundary  Layer 

3.  Tip  Radiation 


Typical  Level  2 

.  2.5  .  10-3 

p2  =  1.5  x  10‘9  d2s9mS  -j 
r  !  0  1  r‘ 

p2  =  4  x  io-8  P2a9M8  f2 


Typical  Frequency 
as  turbulence 

f  =  20  VT/c 

f  *  6 VT/c 
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Firit  of  all  the  effect  of  external  turbulence  will  be  examined.  The  key  experiment 
in  thia  araa  we*  performed  by  Sharland  (Ref  31)  who  measured  the  noise  radiated  by  a  small 
plate  in  the  tuibulent  air  stream  of  a  jet.  The  results  are  shown  in  Figure  6.  Sharland 
also  estimated  the  noise  uting  a  formula  almost  identical  to  equation  1  in  Table  1,  and 
obtained  good  agreement,  as  . hown  in  Figure  6.  Sharland  used  established  measurements  of 
Che  turbulent  flow  parameters  in  a  jet,  which  should  be  acceptably  accurate  for  this  case. 
He  also  measured  the  noise  radiated  by  a  plate  in  the  laminar  flow  portion  of  the  jet. 

The  results  show  almost  20dB  lest  sound  radiation,  thus  confirming  the  significance  of 
external  compared  to  se 1 f-gene rated  turbulence. 
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Figure  6:  Noise  radiation  from  a  plate  in  an  airstream  -  after  Sharland31 

However,  detailed  interpretation  of  these  "laminar"  results  is  far  more  difficult. 
Sharland  did  estimate  the  effect  of  the  shear  layer  turbulence  over  the  part  of  the  plate 
projecting  outside  the  laminar  core,  as  shown  in  Figure  6.  However  he  did  not  consider 
the  possibility  of  fluctuations  within  the  core  itself.  Even  if  the  jet  exit  flow  was 
entirely  turbulence-free,  recent  research  has  shown  how  a  distinct  fluctuating  field  exists 
in  the  core  even  quite  close  to  the  exit.  Data  taken  by  Tu35  and  others  has  shown  that  the 
croas-stream  component  of  turbulence  will  be  of  order  0.1U  at  the  down  stream  location  used 
by  Sharland,  but  as  high  as  0.012U  at  the  core  location.  These  latter  levels  are  quite 
sufficient  to  explain  Sharland's  acoustic  radiation  in  the  "laminar"  case  as  shown  in  Figure 
6.  Thus  it  seems  probable  that  Sharland's  "laminar  flow"  data  is  also  effective  for  an 
external  turbulence  case. 


In  addition  to  externally  induced  sources  on  the  blade,  typically  inflow  turbulence, 
there  is  the  possibility  of  self-induced  sources,  for  instance  the  trailing  edge  effects 
discussed  above.  Kramer's  experiments  are  a  powerful  experimental  argument  against  the 
reality  of  trailing  edge  vortex  noise  mechanisms.  The  results  of  two  further  relevant 
studies,  unfortunately  as  yet  unpublished,  have  been  kindly  communicated  to  the  author  by 
Davis,  and  by  Foley.  Both  these  workers  attempted  to  repeat  Sharland's  experiments,  with  a 
plate  in  a  two-dimensional  channel,  but  with  the  precaution  of  removing  the  turbulent  shear 
layer  which  passes  over  the  parts  of  the  plate  nearest  the  wall.  Davis  removed  the  boundary 
layers  by  suction,  and  Foley  mounted  his  plate  just  after  a  substantial  contraction,  so  that 
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the  boundary  layer  was  very  thin.  Both  workers  were  unable  to  detect  any  effect  of  the 
presence  or  absence  of  the  plate  on  the  broad  band  noise  radiation,  and  inferred  that  actual 
levels  of  noise  radiated  by  a  plate  in  an  undisturbed  flow  must  be  an  order  of  magnitude 
below  those  found  by  Sharland  for  the  laminar  case.  Thus  it  must  be  concluded  ►hat  the 
trailing  edge  vortex  mechanism  is  not  of  practical  significance. 

The  data  used  for  the  existing  correlation  of  broad  band  noise  is  based  on  helicopters, 
which  undoubtedly  undergo  wake  interactions.  Even  given  this,  the  data  can  be  use<  to  argue 
a  U8  law  at  work  rather  than  a  Li 6 ,  as  is  discussed  in  Ref.  32.  Other  self-induced  effects 
on  the  blades  are  of  interest.  As  is  shown  by  Table  and  Figure  6,  the  sound  levels 
resulting  from  the  direct  radiation  of  noise  from  a  uniform  blade  boundary  layer  are  very 
small.  Furthermore,  Table  1  shows  how  the  typical  frequencies  will  be  extremely  high,  and 
outside  the  range  of  practical  interest.  This  comment  applies  to  radiation  from  attached 
uniform  boundary  layers.  As  discussed  in  Pef.  32,  the  effect  of  non-uniformity,  and  of 
possible  transition' or  separation  phenomena  on  the  blade,  could  be  important.  Perhaps  the 
most  significant  of  the  possible  self-induced  sources  is  due  to  the  flow  at  the  bladn  tips. 
At  angle  of  attack  the  tip  flow  is  generally  in  the  form  of  a  concentrated  vortex  which 
springs  from  the  forward  part  of  the  tip  and  passes  back  over  the  top  surface.  Some  data 
on  this  has  been  given  recently  by  Hoffman  and  Velkoff31*.  Experiments  on  delta  wings  have 
demonstrated  that  significant  levels  of  pressure  fluctuations  can  occur  in  this  case,  and 
based  on  this  data  a  crude  estimate  can  be  made  of  possible  tip  noise  level32,  as  given  in 
Table  1. 


It  is  clearly  of  interest  to  be  able  to  predict  both  the  discrete  and  the  broad  band 
components  of  the  rotor  noise.  As  shown  by  Figure  5,  the  distinction  between  the  two  is 
difficult,  and  discrete  frequency  components,  at  least,  are  affected  by  the  wind.  It  is 
clear  that  the  discrete  frequency  noise  does  result  from  the  non-uniform  inflow  to  the 
rotor  and  this  in  turn  appears  to  be  a  function  of  detail  rotor  geometry.  Broad  band  noise, 
where  turbulence  is  the  cause,  is  possibly  a  little  less  affected  by  details.  It  has  been 
examined  by  an  empirical  correlation  of  data  along  lines  very  similar  to  those  suggested 
by  Widnall35.  Her  correlation  included  results  from  a  wide  range  of  helicopter  tests,  but 
the  data  frequently  included  the  full  noise  radiation  and  not  simply  the  broad  band  noise 
component  alone.  The  correlation  shown  here  in  Figure  7  features  data  which  includes 
some  attempt  to  remove  the  discrete  frequency  contribution.  It  is  therefore  intended  to 
give  broad  band  rotor  noise  only.  It  also  has  the  advantage  of  being  non-dimensional. 

Most  of  the  data  points  shown  are  from  Schlegel's  work23,  which  only  included  contributions 
above  150Hz.  This  was  helicopter  test  tower  data.  Also  shown  are  some  recent  data  from 
the  work  of  Brown  and  Ollerhead36  on  noise  from  a  propeller  at  a  stand.  Their  levels  were 
found  by  subtracting  all  observed  frequency  peaks  from  the  signal.  One  point  from  Hubbard 
and  Maglieri's  work  is  shown,  this  is  based  on  the  spectrum  given  in  their  paper  together 
with  comments  received  personally  from  H.H.  Hubbard.  Only  the  integrated  contribution  of 
the  noise  above  160Hz  is  shown  for  this. 
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Also  shown  arc  prediction  formulae  due  to  Hubbard,  and  to  Schlegel.  Not  surprisingly, 
Schlcgel's  aapirical  foraula  Batches  his  own  data  well.  But  it  is  also  in  accsptsble  agree¬ 
ment  with  the  other  date  plotted.  Thus  it  appears  that  this  formula  does  give  a  reasonable 
prediction  of  broad  band  levels.  Further  work  along  equivalent  lines  has  been  reported  by 
Davidson  and  Hargest37.  Their  prediction  curve  is  based  on  sound  analysis  of  noise  from 
a  helicopter  in  free  flight,  but  the  number  of  data  points  appsrently  used  is  rsther  small. 
It  is  supported  by  test  results  on  a  rotor  tower  which  was  almost  certainly  atypical,  with 
large  levels  of  recirculation.  Davidson  and  Hargest's  formula  contains  a  large  directional 
term,  and  their  numerical  values  must  be  reduced  by  lOdB  to  allow  direct  comparison  with 
Schlegel.  A  further  3dB  reduction  is  allowed  to  account  for  their  "mean  peak"  level  pre¬ 
diction.  Even  so  their  prediction  curve  is  4.5dB  up  on  Schlcgel's,  as  shown  in  Figure  7. 

The  Davidson  and  Hargest  prediction  for  broad  band  noise  alone  is  sometimes  higher  than 
measurements  for  the  full  helicopter.  Thus  it  is  thought  to  be  somewhat  overconservative. 

On  the  other  hand,  it  should  be  noted  that  the  data  on  Figure  7  comet  entirely  from  rig 
tests  and  could  therefore  be  suspect.  Further  systematic  tests  on  full  scale  helicopters, 
allowing  systematic  analysis  of  broad  band  noise,  are  clearly  highly  desirable. 

Also  shown  oi.  Figure  7  are  theoretical  predictions  based  on  the  formulae  of  Table  1. 

It  is  noteworthy  that  a  turbulence  level  of  as  little  as  0.1Z  it  sufficient  to  produce 
broad  band  noise  levels  of  the  order  of  those  measured.  Figure  7  also  shows  how  predicted 
levels  due  to  direct  blade  boundary  layer  radiation  are  inadequate  to  explain  observed  noise 
levels,  but  the  tip  noise  radiation  formula  given  does  indicate  levels  of  the  same  order  as 
those  observed  in  practice.  This  empirical  evidence  is,  at  least,  not  in  disagreement  with 
the  idea  that  inflow  turbulence  and  tip  radiation  are  the  principal  sources  of  broad  band 
noise  radiation  by  rotors. 


2 . 3  Other  source  mechanisms 

To  this  point  the  paper  has  concentrated  on  sound  radiation  by  fluctuating  force 
(dipole)  mechanisms  on  the  blades.  As  early  as  1938  Deming38  showed  the  possible  effects 
of  blade  thickness  in  producing  noise.  Although  the  existence  of  thickness  noise  sources 

is  now  universally  recognised,  in  most  work  on  rotor  noise  they  are  conveniently  neglected. 

Little  basis  has  been  given  for  this,  but,  in  fact,  the  comparative  level  of  the  thickness 
noise  source  can  be  calculated  directly.  At  first  stated  explicitly  by  Lighthill38,  for 
"compact"  sources  when  the  acoustic  wavelength  is  greater  than  the  blade  chord,  the  thick¬ 
ness  noise  source  reduces  to  an  equivalent  dipole  of  strength  pVv  where  V  it  the  blade 
volume  and  v  the  local  acceleration  This  is  very  similar  to  the  model  proposed  by  Lynam 
and  Hebb  in  1919. 

Now  the  force  terms  have  dipole  strengths  equal  to  the  magnitude  of  the  forces  acting. 

In  the  rotor  case  acceleration  is  U2/R  and  the  force  in  the  chord  direction  is  the  drag 

jpU2SCp ,  so  that  the  ratio  of  thickness  to  torque  noise  is  2t/RC[)  where  t  is  the  mean  blade 
thickness  and  Cp  includes  any  backward  orientation  of  the  thrust.  The  ratio  will  normally 
be  very  small.  Thus,  theory  suggests  that  thickness  noise  can  be  neglected  at  moderate 
rotor  speeds  and  radiation  frequencies.  For  high  frequencies  or  at  speeds  approaching  sonic 
the  compactness  condition  breaks  down  so  that  possible  noise  effects  of  thickness  must  again 
be  taken  into  consideration.  Lyon40  has  recently  considered  this. 

A  further  source  of  possible  radiation  from  the  blade  is  the  stress  system  around  it. 
Lighthill's  general  theory  of  aerodynamic  noise41  demonstrated  the  possible  significance  of 
fluctuating  stresses  as  quadrupole  sources  of  sound  in  1952,  but  it  was  not  until  1969  that 
Ffowcs  Williams  and  Hawkings42  pointed  out  that  the  fluctuating  stress  system  on  a  rotating 
blade  must  also  radiate.  The  key  features  of  sound  radiation  from  any  rotating  source  are 
governed  by  Mach's  modulated  Doppler  frequency  shift,  and  Figure  3  will  therefore  apply  to 
all  sources  equally.  Thus  distinction  between  the  various  forms  of  source  is  not  easy. 

Any  simple  theoretical  model  suggests  that  a  feature  of  stress  (quadrupole)  radiation 
would  be  a  U8  dependence.  There  is  some  evidence  of  this  (see  Ref.  32)  but  not  enough  to 
be  convincing.  Direct  estimation  of  quadrupole  source  strength  is  difficult.  Most  simple 
models  tried  by  the  writer  seem  to  result  in  logarithmically  singular  integrals,  and  further 
theoretical  study  is  required.  On  the  other  hand,  the  fluctuating  force  (dipole)  source 
strengths  can  be  calculated  straightforwardly,  and  predicted  results  agree  with  virtually 
all  the  experimental  information  available.  Thus,  at  the  present  time,  any  real  sign¬ 
ificance  of  fluctuating  stress  sources  is  not  demonstrated,  but  the  difficulty  of  early 
workers  in  properly  modelling  the  blade  boundary  conditions  is  far  from  being  fully 
clarified. 

Ffowcs  Williams  and  Hall43  and  others  have  extended  the  basic  quadrupole  source 
concept  to  include  the  possible  effects  of  blade  trailing  edges.  They  find  that  diff¬ 
raction  around  the  trailing  edge  can  give  large  increments  in  acoustic  efficiency  so  that 
the  C3  law  goes  over  to  a  Cs  law.  Several  objections  can  be  made  to  their  theoretical 
model  -  notably,  no  account  of  boundary  layer  velocity  gradient  at  the  trailing  edge  and 
aoa-inclusion  of  the  Kutta  condition.  Equally,  no  experimental  evidence  supporting  the 
theory  exists.  Nevertheless  the  possible  significance  of  trailing  edge  actions  on  blade 
noise  radiation  remains  a  question  of  considerable  theoretical  and  experimental  interest. 

The  effects  of  blade  motion  sre  also  a  possible  source  of  noise,  but  the  effects  can  be 
snomn  to  be  nonpar at i ve Iy  snail.  A  general  tneory  for  point  forces  in  motion38  shows 
that  the  fsaimast  thrust  t«rs  only  radiates  as  «  result  of  the  acceleration  of  the  rotor, 
prop-crtiecal  to  I.  Blade  nation  effects  oil!  therefore  eeiy  be  significant  overall  if 
the  acceieratiam  is  questieu  is  larger  than  1 2 ».  shicSi  is  extremely  ceiibely  for  a  heli¬ 
copter  rater.  It  is  ram  rarer  force  fluctuations  associated  uith  .my  blade  notice  that 
oil!  he  roe  tie. roe t  itsr:e  in  an  srecxsca!  sitmatiom-  The  ius tgai f icaace  of  b’adr 
am  ue  affairs  uas  also  ss>rurr  hr  detect  ,  -rr  it  :*  the  report  of  Isvsse  and  Jl'.orsoaf*4. 
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Finally,  it  mult  ba  amphaaiaed  that  any  unatcady  aource  on  the  rotor  la  only  important 
if  tip  Mach  numbera  are  low  (roughly  <  0-7).  For  high  tip  Mach  numbera  the  direct  radi¬ 
ation  by  the  ateady  rotating  aourcea  becomea  very  efficient,  aa  ahown  by  Figure  2.  In 
thia  context  ateady  aourcea  would  include  ateady  thickneaa  or  atreaa  contributiona  in 
addition  to  the  ateady  force  (Gutin)  terms  previously  discussed.  However,  when  rotor 
noise  is  a  problem,  low  tip  Mach  numbera  must  be  choaen,  so  that  the  unsteady  sources 
will  usually  dominate  practical  rotor  noise  control  conaiderations . 


2 . 4  Some  recent  experiments 

The  key  to  the  theoretical  studies  has  been  the  concept  that  the  unsteady  aerodynamic 
input  to  the  rotor  causes  its  acoustic  output.  Thus  a  low  speed  rotor  may  be  regarded 
simply  as  a  machine  for  converting  inflow  variations  into  noise.  From  thia  viewpoint  each 
rotor  will  have  a  unique  aero-acous t i c  transfer  function  which  defines  its  effectiveness 
as  a  noise  generator.  Recent  experiments  22  at  Loughborough  University  of  Technology  have 
attempted  to  measure  this.  Experimental  definition  of  the  aero-acoustic  transfer  function 
requires  simultaneous  measurement  of  source  strengths  and  noise.  As  has  been  discussed, 
the  immediate  source  of  noise  is  the  fluctuating  force  system  on  the  rotor.  Measurement 
of  this  is  difficult,  and  was  not  attempted  in  the  tests,  although  some  success  has  been 
reported  in  recent  work  by  Heller  and  Widnall44.  The  fluctuating  forces  are,  in  turn, 
caused  by  the  unsteady  inflow.  This  can  be  measured  straightforwardly  and  thia  approach 
was  chosen  in  the  present  tests.  The  disadvantage  of  the  technique  is  that  the  fluctuating 
forces  on  the  blades  must  be  evaluated  theoretically  but  this  is  outweighed  by  the 
advantages  of  experimental  convenience.  Furthermore  the  results  may  be  of  direct  practical 
value  for  noise  prediction  since  estimates  of  unsteady  inflow  levels  to  a  rotor  may  he 
available  at  the  design  stage. 

The  experiments  were  performed  on  a  small  (0'66m  dia.)  open  fan,  leading  details  of 
which  are  given  in  Table  2.  The  inflow  variation  was  measured  using  a  rotating  hot  wire, 
mounted  on  the  hub  of  the  rotor.  Circumferential  variations  of  the  inflow  were  thus 
recorded  as  time  variations  at  the  rotating  hot  wire,  and  spectral  analysis  of  the  signal 
gave  the  levels  of  the  aerodynamic  input  modes  directly*  Acoustic  output  was  measured  on 
axis  where  the  one  to  one  relation  of  output  to  input  applies  (equation  3).  Subtraction 
of  the  relevant  aerodynamic  input  levels  from  the  acoustic  output  levels  thus  gave  a  direct 
estimate  of  the  aero-acoustic  transfer  function.  This  is  shown  in  Figure  8. 


Number  of  blades 

■  2,  7  or  14 

Hub  diameter 

■  0*  24m 

Rotor  disc  diameter 

"  0*66m 

Blade  chord  at  tip 

-  O*064m 

Bl'ade  chord  at  root 

*  0 • 085m 

Maximum  blade  thickness  at 

tip  »  0 • 003m 

Blade  tip  angles 

-  5°.  10°  15°  20° 

-  25°,  lO4,  35'\  40° 

Blade  root  angles 

Speed  range  between  0  and 
D.C.  motor  of  7-5kW 

3000rpm  approximately  ; 

B4K  microphone  position 

-  variable  on  2-14m  radius 
from  fan  centre 

Hot  wire  location  -  0*26m 

from  axis,  0-02m  from  blade 
leading  edge 

Table  2;  Rig  Parameters 
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Two  different  inflow  conditions  are  shown.  The  fan  was  mounted  in  an  anechoic  chamber, 
and  normally  operated  in  a  recirculating  condition,  giving  one  set  of  data  points.  However, 
the  recirculation  took  some  time  (3-5  secs)  to  build  up  to  its  full  value.  Thus  at  the 
start  of  each  run  different  flow  conditions  prevailed,  and  data  for  this  initial  case  are 
also  shown.  Both  the  acoustics  and  aerodynamics  of  these  two  cases  are  very  different. 

But  if  the  basic  concept  is  correct,  the  aeroacoustic  transfer  function  should  be  the  same. 
This  it  verified  by  Figure  8  within  experimental  accuracy,  at  least  for  the  low  harmonics 
of  the  noise.  A  theoretical  curve  is  also  shown.  This  is  based  on  equation  3,  with  the 
relation  of  unsteady  aerodynamics  to  the  unsteady  forces  being  estimated  from  the  theory 
of  Sears'45.  Agreement  between  theory  and  experiment  is  also  good,  both  for  trends  and  for 
absolute  levels. 

At  the  highest  harmonics  some  discrepancies  appear  for  the  recirculating  case.  This 
is  thought  to  be  the  result  of  increased  levels  of  turbulent  inflow  and  is  currently  the 
subject  of  further  study.  A  comparison  of  broad  band  noise  with  turbulent  inflow  was  also 
made  for  the  1200r.p.m.  case  with  clipped  blades  (see  also  below).  Both  aerodynamic  and 
acoustic  broad  band  levels  were  estimated  from  integrations  of  the  measured  spectra  with 
discrete  frequency  peaks  removed.  The  root  mean  square  turbulent  input  level  measured  by 
the  rotating  hot  wire  was  Oa556m/sec.  The  broad  band  acoustic  level  may  then  be  predicted 
to  be  70dB  via  equation  1  of  Table  1.  The  measured  level  for  this  one  case  so  far  studied 
was  also  70dB.  Thus  theory  gives  very  acceptable  predictions  of  level  for  both  the  discrete 
frequency  and  broad  band  partB  of  the  rotor  noise  radiation,  showing  a  dominant  effect  of 
rotor  inflow  on  noise. 

Further  experiments  showed  that  the  high  frequency  component  of  the  noise  was  strongly 
affected  by  tip  condition.  The  measured  effect  of  tip  shape  is  shown  on  Figure  9.  It  can 
be  seen  that  clipping  the  trailing  edge  of  the  blade  reduced  noise  at  the  higher  frequencies 
by  over  lOdB.  The  reduction  observed  is  consistent  with  the  idea  advanced  earlier  that 
separated  vortex  flow  over  the  tips  is  a  significant  source  of  noise. 

Thus  from  these  experiments  it  may  be  concluded  that  there  were  three  principal 
sources  of  noise  from  the  rotor  tested 

1.  Discrete  frequency  noise,  governed  by  inflow  distortion 

7. .  Low  frequency  broad  band  noise  governed  by  inflow  turbulence 

3.  High  frequency  broad  band  noise  governed  by  the  blade  tips. 


FREQUENCY  Hi 

Figure  9 :  Effect  of  tip  shape  on  fan  noise  spectra- 


3.  APPLICATIONS  TO  NOISE  CONTROL 


3.1  Effect  of  design  sarasctcrs 


In  atteitpting  to  aininise  noise  f  roe  a  rotor,  or  indeed,  froa  any  acoustic  source, 
the  coiparative  i nsens i t i vi ty  of  the  ear  to  changes  in  a  level  necessitates  fundaaental 
reconsideration  of  the  optima  approach.  The  prohlea  ts  illustrated  by  Table  3.  It  can 
be  observed  that  a  factor  of  2  change  i*  intensity  at  )di  is  barely  d is t i agui skab le 
Subjectively.  Successful  noise  ceasrol  atastr ea  si  1 1  require  reductions  by  a  factor  of 
perhaps  10.  It  therefore  he  ret*  i  clear  that  a  cctttit s««a!  des:gx  rptiaisaties  approach 
in  which  parameters  are  varied  by  yt  rlap  *  2S?  has  little  pri»:It!:si  af  achieving  the 
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Factor  change  in  intensity 

dB  value 

Subjeotive  effeot 

2 

3 

Barely  distinguishable 

4 

6 

Notice  ab  le 

16 

12 

Pronounced 

Table  3;  Effect  of  changes  in  acoustic  intensity 


desired  noise  reduction  goals.  Indeed  once  design  layout  is  complete  the  acoustic  output 
is  largely  determined,  and  noise  reductions  after  that  point  in  time  will  not  generally 
be  possible  unless  there  was  a  fundamental  acoustic  problem  in  the  original  design.  An 
alternative  way  of  looking  at  the  problem  is  to  consider  that  a  typical  helicopter  uses 
around  MW  of  power,  and  only  emits  around  lkW  as  sound.  Thus  it  is  already  99*92 
efficient  at  being  quiet  and  will  be  difficult  to  improve  to  the  99*992  quietness  necessary 
to  make  a  useful  noise  reduction.  In  fact  helicopter  rotors  are  unusually  noise  sensitive 
to  detail  modifications.  Nevertheless,  the  general  ideas  above  still  have  considerable 
force,  and  it  is  important  to  consider  overall  acoustic  goals  from  the  outset. 

Some  general  laws  for  rotors  can  be  specified.  Equation  2  shows  that  the  discrete 
frequency  radiation  is  governed  by  disc  loading,  while  equation  1  and  Table  1  suggest 
that  the  broad  band  noise  is  governed  by  blade  loading.  Thus  at  the  low  blade  loadings 
characteristic  of  a  helicopter  rotor  broad  band  noise  would  be  more  important.  This  con¬ 
cept  is  discussed  in  more  detail  in  Reference  46.  For  design  purposes,  an  idea  of  trends 
of  noise  with  the  principal  design  parameters  is  of  interest,  and  some  general  arguments 
may  be  put  forward  for  this. 

It  is  the  subjective  response  to  rotor  noise  which  is  nearly  always  of  concern,  and 
this  response  depends  not  only  on  the  level  of  the  sound  but  also  its  frequency.  The 
typical  response  curves  for  the  human  ear  are  shown  in  Figure  10.  These  correspond  to  the 
A  and  D  frequency  weighting  scales  which  are  based  on  extensive  laboratory  testing.  The 
'A'  scale  is  perhaps  the  more  widely  used  while  the  'D'  scale  represents  current  estimates 
of  response  more  closely.  Each  scale  very  roughly  follows  a  frequency  squared  law  at  low 
frequencies,  as  shown  in  Figure  10.  For  the  present  purposes  the  detail  differences 
between  the  scales  are  not  of  importance,  and  attention  will  be  focused  on  the  effect  of 
the  frequency  squared  variation,  which  should  be  appropriate  to  the  noise  from  helicopter 
rotors . 


Figure  10:  Frequency  weighting  curves  for  subjective  response 


Now,  as  shown  by  Schlegel  et  al23,  for  a  helicopter  rotor,  the  physical  levels  of  sound 
intensity  vary  roughly  as 

p2  -  U2T2/S  -  T3/S2 

and  the  tyoical  frequency  squared  varies  as 

f2  -  U2/l2  -  T/l2S 

where  1  is  a  typi  cal.  length  (say  equal  to  s0*5). 

la  each  case  the  velocity  has  been  eliminated  by  using  the  relation  T  -  U2S.  Thus  the 
perceived  aoise  levels  aeasured  in  any  unit  will  typically  vary  as 


Thus  the  perceived  sound  levels  are  a  strong  function  of  disc  loading.  Although  demon¬ 
strated  here  for  the  broad  band  case,  the  general  features  of  the  results  apply  equally 
to  the  discrete  frequency  components  The  arguments  have  interesting  consequences. 

Firstly,  it  will  be  seen  that  rotors  of  any  scale  are  predicted  to  sound  as  leud  as  each 
other  provided  disc  loading  (or  velocity)  it  the  tame.  It  therefore  tppears  that  some 
empirical  design  predictions  of  noise  from  large  thrust  rotora  may  have  been  over- 
conservative,  and  alto  that  a  scale  model  rotor  will  sound  as  loud  as  the  real  thir^. 
Secondly,  it  will  be  seen  that  increase  of  scale  at  constant  thrust  has  a  major  ben  fit 
on  noise.  This  is  equivalent  to  a  reduction  in  velocity.  For  either  parameter  the 
variation  is  at  the  (1)  eighth  power. 

These  arguments  are  based  on  very  rough  power  law  approximations  both  to  the  sound 
intensity  laws  and  to  the  subjective  response.  More  detailed  examination  has  therefore 
been  carried  out  on  a  general  rotor  noise  prediction  programme  at  Loughborough  University 
of  Technology.  The  programme  includes  both  a  full  discrete  frequency  calculation  based 
on  equation  2  and  a  broad  band  noise  calculation  based  on  the  empirical  results  of  Figure 
7,  and  includes  many  additional  detail  features  which  will  not  be  discussed  here.  This 
programme  will  be  described  in  a  later  document.  Results  shown  here  are  given  in  PNdB*47, 
which  is  a  more  elaborate  subjective  response  scale  essentially  equivalent  to  the  frequency 
weighting  curves  of  Figure  10. 

Two  results  are  shown  here.  Figure  11  gives  the  effect  of  variation  of  scale  for  a 
two-bladed  rotor  at  a  constant  disc  loading  of  41b/ft^  (191N/m^).  Non  uniformities  in 
the  curve  are  caused  by  non-linearities  in  the  PNdB  function,  especially  the  low  frequency 
cut-off*  Nevertheless,  over  a  scale  range  of  20:1  PNdB  levels  vary  by  less  than  £3dB  from 
the  mean  value.  Note  that  thrust  would  vary  by  400:1  over  this  range. 

Figure  12  demonstrates  the  effect  of  variation  of  scale  at  a  constant  thrust  of 
10,000  lb  (4530  kg).  A  dramatic  reduction  in  noise  ensues  at  scale  is  increased  or  tip 
velocities  reduced  roughly  as  the  eighth  power  predicted.  At  higher  Hach  numbers  the 
reduction  is  even  more  pronounced.  Choice  of  large  site  low  tip  speed  rotors  mutt  impose 
many  problems  on  the  designer,  but  it  is  hoped  that  this  curve  will  suggest  that  these 
problems  justify  study  in  order  to  minimise  rotor  noise  output. 


Disc  radius  ft. 
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30  40  50 


Tip  Mach  number 


22.14 


3.2  Detail  improvements 


For  helicopter  rotors  there  appears  to  be  some  genuine  hope  that  detail  variations 
can  have  useful  effects  on  noise.  As  has  been  discussed,  there  appear  to  be  three  main 
sources  of  noise  from  a  rotor:  inflow  distortion,  inflow  turbulence  and  tip  effects. 

On  a  rotor  each  of  these  is  fundamentally  controlled  by  the  rotor  vortex  system.  This 
may  well  be  sensitive  to  detail  modifications. 


Jones48  and  others  have  demonstrated  how  the  tip  vortex  from  a  helicopter  rotor  can 
actually  move  upwards  as  it  moves  away  from  the  blade,  and  frequently  passes  above  the 
following  blade.  Direct  interaction  of  a  blade  with  a  vortex  is  a  known  cause  of  blade 
slap  as  (’urussed  by  Leverton45  and,  more  recently,  by  Widnall50.  Blade  slap  will  not  be 
considered  : i  nnv  detail  here  since  it  is  an  excessive  noise,  unlikely  to  be  tolerated 
when  noise  is  a  problem.  Also  it  appears  that  it  can  be  substantially  controlled  by 
operating  proced.res.  However,  there  can  be  little  doubt  that  more  moderate  blade  vortex 
interactions  are  a  prime  cause  of  noise  problems,  so  that  the  rotor  noise  problem  can 
perhaps  be  regarded  as  a  problem  in  mild  blade  slap. 


The  noise  radiation  is  reduced  by  reducing  the  aerodynamic  fluctuations.  This  in¬ 
volves  minimising  vortex  strength  and  maximising  its  distance  from  the  following  blade. 
Several  workers  have  reported  attempts  to  reduce  vortex  s trength5 1  • 52 ,  normally  via  tip 
modifications.  These  have  had  mixed  success  when  applied  to  flight  hardware.  On  the 
other  hand,  there  has  been  comparatively  little  attempt  to  reduce  noise  by  increasing 
blade-vortex  separation.  Calculation  of  shed  vortex  paths  should,  in  principle,  he 
possible,  and  some  success  has  been  reported48.  Close  to  the  blade  the  vortex  paths  must 
be  a  strong  function  of  the  loading  distribution,  and  it  should  be  possible  to  find  loading 
distributions  which  maximise  vortex  separation  from  the  following  blade,  particularly  for 
multibladed  rotors.  Equally  the  rate  of  roll-up  of  the  vortex  must  also  be  a  function  of 
blade  loading.  Thus  renewed  attack  on  the  rotor  vortex  wake  problem  from  the  noise  view¬ 
point  appears  to  have  useful  potential. 

When  considering  vortex  wakes  it  is  important  also  to  consider  non-ideal  conditions 
such  as  that  of  wind  and  unfavourable  manoeuvres.  The  increase  in  noise  level  due  to  wind 
is  well  documented,  but  comparatively  little  substantive  data  is  available.  Most  useful 
existing  rotor  nois“  data  have  been  arefully  taken  under  calm  conditions.  However,  it  is 
clear  that  reduction  of  rotor  noise  under  ideal  conditions  may  result  in  comparatively 
little  benefit  for  practical  rotorcraft  operating  in  a  real  atmosphere.  Reduction  of  the 
wind  induced  rotor  noise  level  is  a  major  problem  facing  the  designer,  and  fuller  data  on 
this  is  certainly  desirable. 


Much  of  the  existing  work  on  rotor  noise  control  has  concentrated  on  tip  modifications 
2  3  ,  5  1  ,  5  3  (  an(j  benefits  of  over  6dB  are  often  reported.  On  the  other  hand,  these  benefits 
are  not  always  found  in  flight,  or  in  repeat  tests  ac  other  centres.  Leverton54  for 
instance  found  an  increase  in  noise  for  most  tip  modifications  tested.  It  has  been  argued 
here,  via  Figure  9,  that  the  tip  effects  are  specific  to  the  high  frequencies.  Strouhal 
scaling  these  results  up  to  a  helicopter  suggests  that  the  effect  will  be  centred  around 
2000Hz. 


From  tower  tests  on  a  rotor,  Leverton55  has  defined  a  second  broad  band  hump  in  this 
region.  In  the  author's  opinion  this  hump  is  due  to  tip  effects,  and  represents  the 
modulated  swishing  sound  observed  on  helicopters.  In  this  context  it  is  noteworthy  that 
experiments  by  Schlegel23  on  trapezoidal  tips  reduced  the  depth  of  modulation  of  the  broad 
band  noise  as  well  as  the  absolute  levels.  Maximum  modulation  might  be  expected  from  tip 
sources  when  Doppler  changes  in  frequency,  and  in  near  field  amplitude,  would  be  at  a 
maximum.  Further  experiments  on  a  wide  range  of  tips  have  recently  been  reported  by 
Leverton56.  Variations  of  level  of  up  to  15dB  due  to  tip  modifications  are  found,  but 
the  optimum  tip  is  a  function  of  rotor  r.p.m.,  and  a  strong  function  of  blade  pitch. 

Noise  benefit  was  also  found  to  be  a  strong  function  of  pitch  in  the  recent  tests  at 
Loughborough  3  2 . 

Leverton's  recent  results  show  little  benefit  of  a  clipped  trailing  edge,  in  contra¬ 
distinction  to  that  shown  in  'figure  9.  This  may  be  due  to  the  relatively  thick  (12Z) 
sections  used  in  his  tests  compared  to  the  thinner  (5Z)  sections  of  Figure  9. 

The  one  clear  conclusion  from  all  these  studies  is  that  tip  shape  does  have  a  major 

effect  on  rotor  noise.  The  reasons  for  the  effect  must  lie  in  the  varying  structures  of 
the  shed  vortex  from  each  tip.  Systematic  understanding  of  this  dees  not  exist,  and 
respresents  an  obvious  area  of  profitable  research.  Meanwhile  it  is  clear  that  rotor  noise 
control  programmes  must  include  empirical  evaluation  of  various  tip  shapes,  preferably  at 
full  scale. 

A  major  source  of  subjective  annoyance  from  helicopters  is  the  tail  rotor.  The 
general  considerations  for  rotor  noise  radiation  apply  equally  to  tail  rotor  noise.  The 
tail  rotor  typically  operates  in  inflow  which  is  badly  distorted  by  the  proximity  of  the 

tail  boom  and  by  the  action  of  the  main  rotor.  This  must  result  in  severe  increases  of 

noise  level,  and  the  design  modifications  necessary  to  improve  the  situation  are  apparent. 

A  longer  tail  boom  should  add  little  to  helicopter  weight,  and  give  a  useful  noise  benefit. 
From  the  noise  point  of  view  alone  a  canted  front  anti-torque  rotor  would  be  preferable, 
but  presumably  this  would  not  be  acceptable  on  operational  grounds.  Note  that  the 
asymmetry  caused  by  forward  flight  of  the  rotor  would  not  directly  generate  significant 
noise  leads.  This  is  because  the  asywmetry  causes  a  firat  order  input  mode  at  the  rotor 
which  is  of  extreme  inefficiency,  as  shown  by  Figure  2. 
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A  final  consideration  i*  the  effect  of  blade  number.  Tower  cescs  normally  demonatrate 
lower  levela  of  noiee  for  high  blade  numbere.  The  effect  is  probably  due  to  the  increased 
disc  loading  producing  increased  rotor  downwash.  This  carries  the  vortex  wakes  clear  of 
the  following  blades  before  significant  roll-up  can  occur.  However,  theory  snows  that,  at 
a  constant  (low)  disc  loading,  a  reduced  number  of  blades  should  give  reduced  noise.  This 
is  because  with  fewer  blades  each  must  be  larger  in  chord.  Increased  cancellation  of 
fluctuating  pressures  will  then  occur  over  the  blade  surface.  Sears'*5  theory  indicates  a 
reduction  in  level  of  3dB  for  every  doubling  of  chord.  Blade  number  tests  normally 
involve  differing  numbers  of  the  same  blades  and  would  not  demonstrate  this  effect.  Indeed 
an  increase  in  broad  band  level  would  occur  for  fewer  blades  at  the  same  overall  thrust 
because  of  the  increased  blade  loading  (see  Figure  7).  Experiments  directly  evaluating 
blade  chord  effects  are  required  to  test  this  concept.  A  further  advantage  of  such  tests 
would  be  the  possibility  of  examining  the  Strouhal  scaling  of  the  broad  band  noise  usually 
assumed. 


4.  CONCLUSIONS 

From  the  historical  survey  two  morals  can  perhaps  be  drawn.  Firstly,  that  the  intell¬ 
igent  human  observer  can  produce  information  of  considerable  value  without  complicated 
instruments.  Secondly,  that  ground  rig  tests  are  a  poor  substitute  for  full  scale  data. 

The  principal  theoretical  difficulty  in  the  early  work  was  the  correct  choice  of  boundary 
conditions  to  represent  the  acoustic  source  on  the  blade.  This  difficulty  persists  to  the 
present  day,  now  in  the  guise  of  the  dipo le /quadrupo le  source  model  for  the  noise. 

However,  as  a  result  of  experimental,  theoretical,  and  empirical  work  the  fundamental 
causes  of  rotor  radiation  are  reasonably  clear.  They  are 

1.  Discrete  frequency  noise,  due  to  distorted  inflow 

2.  Low  frequency  broad  band  noise,  due  to  turbulent  inflow 

3.  High  frequency  broad  band  noise  due  to  the  tips. 

Except  for  high  speed  rotors  (Mj  >  0.7)  the  Gutin  noise  radiated  by  the  steady  forces 
on  the  rotors  is  not  of  subjective  importance.  Also  it  appears  that  any  trailing  edge 
vortex  noise  generation  mechanisms  are  of  minor  significance. 

Thus  rotor  noise  control  is  simply  a  matter  of  minimising  distorted  and  turbulent 
inflow,  and  empirically  finding  an  optimum  tip.  Similarly  noise  prediction  requires 
specification  of  the  distorted  and  turbulent  inflow  to  the  rotor.  The  problem  therefore 
passes  from  the  acoustician  to  the  ae rodynamicis t.  Unfortunately  the  steady  aerodynamics 
problems  involved  are  extremely  complex.  However,  they  centre  around  the  shed  vortex 
structure,  and  there  is  some  prospect  that  improved  understanding  of  this  is  possible. 

In  general  terms,  subjective  levels  of  rotor  noise  are  shown  to  depend  on  blade  loading  to 
the  fourth  power  or  velocity  to  the  eighth.  This  shows  that  rotors  of  equal  blade  loading 
will  have  roughly  equal  subjective  noise  levels  at  any  scale,  and  that  there  is  substantial 
benefit  to  be  gained  from  a  low  tip  speed  large  scale  rotor. 

The  k^-y  to  future  rotor  noise  control  appears  to  lie  in  the  understanding  gained  by 
careful  experiments.  There  are  several  areas  of  uncertainty  at  present  which  justify 
study.  Detailed  correlation  of  ground  and  flight  tests  does  not  yet  seem  to  have  been 
performed.  The  noise  effects  of  characteristic  manoeuvres  and  of  typical  wind  levels  are 
not  fully  known,  and  may  limit  the  possibilities  for  rotor  noise  reduction  on  real  aircraft. 
The  benefit  of  increased  blade  chord  predicted  theoretically  also  justifies  some  experi¬ 
mental  study.  Possibilities  for  noise  control  seem  to  centre  around  a  full  understanding 
of  the  shed  vortex  wake.  Both  experimental  and  theoretical  approaches  to  this  problem 
would  be  valuable.  The  most  obvious  area  for  study  is  the  effect  of  tip  shape,  and  blade 
loading  distribution,  on  the  wakes  and  noise  of  a  rotor. 
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WAKE  CHARACTERISTICS  OF  A  TWO-DIMENSIONAL  ASYMMETRIC  AEROFOIL 


by 

■^Ibrahim  Kavrak,  Ph.D. 
Bogaziqi  University 
Istanbul 
Turkey 


SUMMARY 

To  gain  Insight  Into  the  process  by  which  dipole  noise  Is  generated  by  the  turbulent  wake  behind  an 
aerof  11,  the  characteristics  of  the  wake  are  Investigated  and  compared  to  the  drag  and  lift  coefficients 
as  well  as  to  the  noise  radiated.  It  Is  concluded  from  the  results  that  both  the  drag  coefficient  and  the 
generated  noise  te  closely  related  to  the  turbulent  shear  la  the  separated  flow  region.  The  maximum 
velocity  defect  (U  -  umin)/1!  Is  shown  to  be  an  important  parameter  which  affects  both  thr  performance  and 
the  noise  intensity.  The  investigation  was  concerned  only  with  the  two-dimensional  flow  field. 

SOMMAIRE 


Pour  mieux  comprendre  le  processus  par  lequel  le  bruit  bipolaire  est  produit  par  le  slllage  turbulent 
derrlere  une  aile,  les  caracteristiques  du  slllage  sont  examinees  et  comparees  aux  coefficients  de 
tralnance  et  de  levee  et  au  bruit  produit.  D'apres  les  resultats  on  a  conclut  que  le  coefficient  de 
trainance  et  le  bruit  produit  sont  en  relation  etroite  avec  le  cisaillement  turbulent  dans  le  champ  de 
1  ecoulement  separe.  La  vitesse  deficitaire  maximum  (U  —  um^n)/U  est  montree  d'etre  un  parametre  Important 
affectant  a  la  fois  le  performance  et  l'intensite  du  bruit.  La  recherche  etait  limitee  seulement  a  un 
champ  d'ecoulement  bi-dlmensionnel. 


NOTATION 

a 

Sonic  velocity 

U 

mean  velocity  in  the  wake 

b 

distance  to  half  value  of  maximum  velocity 

u 

temporal  mean  velocity  at  a  point 

defect 

xi 

coordinates  (i  =  1,  2,  3) 

CD 

drag  coefficient 

Y 

non-dimensional  transverse  distance 

cl 

lift  coefficient 

y 

transverse  distance 

C(R) 

correlation  function 

z 

span  length 

K1.2. 

3  constants 

a 

angle  of  incidence 

L 

length  of  separated  flow 

ao 

flow  deflection  angle  for  a  =  0° 

n 

frequency 

6 

half  wake  thickness 

P 

sound  pressure  level 

* 

function  of 

P 

fluctuating  pressure  amplitude 

5 

maximum  velocity  defect 

q 

non-dimensional  velocity 

X 

wavelength 

r 

distance  of  observer  from  source 

P 

fluid  density 

S 

surface  over  which  sources  are  correlated 

0 

a  constant  in  the  velocity  profile. 

t 

time 

u 

mainstream  flow  velocity 

1. 

INTRODUCTION 

The  problem  of  broad  band  -  or  vortex  -  noise  has  long  been  recognized  as  an  Important  factor  In  the 
design  of  rotary  wings.  The  advances  in  manufacturing  methods  will  make  possible  the  use  of  large  propellers 
of  low  rotational  speeds  with  low  rotational  sound  intensity,  but  of  high  tip  velocities  with  relatively 
high  vortex  noise  intensity.  In  such  a  case,  the  dominant  source  will  probably  be  vortex  noise. 

It  is  now  well  established  that  for  subsonic  speeds  the  quadrupole  field  due  to  turbulence  in  the 
wake  of  an  object  is  a  much  weaker  source  compared  with  the  dipole  field  stemming  from  the  fluctuating 
forces  caused  by  vortex  shedding  at  the  trailing  edge.  The  knowledge  that  vortex  noise  is  caused  by 
fluctuating  forces  may  provide  an  adequate  explana  ...  'or  the  dipolar  nature  of  the  noise,  but  does  not 
provide  for  a  insight  into  the  basic  cause  of  the  i  ',e.  how  the  fluctuating  forces  are  set-up  in  the 

first  place. 

This  investigation  is,  therefore,  mainly  concerned  with  the  mechanism  of  vortex  noise  generation, 
and  its  relation  to  the  performance  characteristics  of  a  two-dimensional  aerofoil.  In  particular  the 
generated  noise  is  related  to  the  velocity  profiles  in  the  wake  and  the  drag  and  lift  coefficients.  A 
maximum  velocity  defect  parameter  (U  -  Uq^J/U  has  been  defined  and  it  is  shown  that  the  drag  coefficient 
as  well  as  the  generated  noise  are  functions  of  this  parameter.  In  view  of  the  wide  application  of 
variable  pitch  propellers  and  also  because  of  the  importance  of  stall,  variations  in  the  wake  properties 
with  angle  of  incidence  were  studied, 

2.  PROCEDURE 

The  aerofoil  used  in  this  investigation  was  an  asymmetric  high-lift  section  of  100  mm  chord  length 
and  of  102  thickness,  designated  NGTE  10C4  30C50.  During  the  experiments  the  range  of  incidence  angles 
was  -10°  -  +  35°,  and  the  range  of  Reynolds  numbers  based  on  chord  length  was  4  x  10*  -  2  x  10  .  The 
sequence  of  the  work  followed  was: 
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a)  Visual  observation  of  the  wake  geometry  In  a  water  channel.  The  separated  flow  region  and  the 
turbulent  wake  were  made  visible  by  the  hydrogen  bubble  technique  and  sequential  photographs  of 
the  wake  were  obtained1. 

b)  Velocity  profiles  In  the  wake  of  the  aerofoil  In  a  wind  tunnel.  The  transverse  distribution  of 
the  temporal  me-'n  velocity  In  the  wake  was  measured,  using  a  pitot-static  tube  with  a  total 
pressure  hole  of  0.75  mm  diameter. 

c)  lift  and  drag  coefficient  determination.  The  aerofoil  blade  was  attached  to  the  arm  of  a  balance 
which  could  measure  the  horizontal  and  vertical  components  of  the  force  acting  on  the  blade, 
corresponding  to  the  drag  and  lift  forces, 

d)  Fluctuating  pressure  in  the  wake.  Both  transverse  and  longitudinal  distributions  of  the 
fluctuating  pressure  were  obtained,  using  a  miniature  pressure  transducer  of  maximum  thickness 
0.90  <tm 

e)  Sound  pressure  level  measurements.  Four  blades  were  attached  to  the  periphery  of  a  1.20  m 
diameter  disc  in  such  a  way  that  their  spans  were  parallel  to  the  axis  of  rotation  of  the  disc. 
The  radiated  noise  was  measured  by  means  of  a  microphone  placed  along  the  axis,  equidistant  from 
all  blades. 

3.  VELOCITY  PROFILES  IN  THE  WAKE 

It  can  be  shown  from  the  equation  of  motion  that  the  velocity  distribution  in  the  wake  of  an  aerofoil, 
assuming  a  constant  eddy  viscosity  and  neglecting  the  fluctuating  components  of  velocity  in  the  x  and  y 
directions,  is  represented  approximately  by4, 


— - - —  ■  exp  {-o{y/b)2>  (1) 

®  "  “min 

where  0  is  the  mainstream  velocity,  u  is  the  velocity  at  y  (y  •  0  at  the  centre  of  the  wake),  and  b  is  the 
position  of  half  the  maximum  velocity  defect,  (U  -  u^n)/!,  measured  from  the  centre. 

Eq  (1)  can  also  be  written  aa; 


V  ~  -u...  =  K  exp{-o(y/b)  2)  (2) 

U 


where 


5  *  ^  ~  “min 
U 

Both  a  and  5  have  to  be  determined  experimentally,  and  correspond  to  the  empirical  constants  in  the  profiles 
given  by  Betz,  Reichardt  and  Schlichting5.  The  flow  downstream  of  the  aerofoil  is  deflected  by  an  angle 
Oq  due  to  the  camber  of  the  aerofoil.  The  refence  co-crdinate  axes  are  therefore  rotated  by  o,,  so  that  the 


Fig.l  Non-dimensional  velocity  profile  in  the  wake  of  an  aerofoil. 
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i-uli  approximately  coincide*,  with  the  centra  of  the  wake.  Thie  modification  i  imp  1  if  lea  the  mathematical 
repreaentatlon  of  the  velocity  and  preaaure  die tribut Iona.  Eq  (1)  and  the  results  of  experiments  have  been 
plotted  non-dimens ionally  in  Fig.l.  The  value  of  0  is  found  to  be  very  nearly  0.7.  Although  u  la  a  constant, 
£  in  Eq  (2)  is  not,  and  in  general  is  a  function  of  the  Reynolds  number  and  the  angle  of  Incidence.  The 
variation  in  $  is  given  in  Fig. 2  together  with  6,  the  half  wake  width,  which  la  the  distance  from  the 
cantre  of  the  wake  to  the  point  whei*  u  ■  0.99  U.  The  half  wake  width  is  also  approximately  equal  .0  3b. 


Fig. 2  Variation  of  half  wake  width  6  ,  and  maximum  velocity  defect  £  with  angle  of  incidence. 
The  maximum  velocity  defect  can  be  expressed  by  the  fitted  equation 

£  >  iji(Re)  [exp  {-0.2<  - - —  )*}  +  0.02(a  -  a0)J  ]  (3) 

2 

where  a  is  the  angle  of  incidence  in  degrees,  and  a0  =  4°. 

The  validity  of  the  expressions  for  the  velocity  profile  and  the  maximum  velocity  defect  were  tested 
by  comparing  the  measured  drag  coefficient  of  Che  aerofoil  for  various  angles  of  incidence  with  that 
calculated  from  the  above  expressions 

CD  =_L  -  (  -H_  )*}dy  (4) 

t  u  u 

where  t  is  the  blade  thickness,  and 


-H_  =  1  -  £  exp[-o(y/b)2]  (5) 

U 

Both  the  computed  and  experimental  values  of  the  drag  coefficient  are  shown  in  Fig. 3  together  with  the 
lift  coefficient  for  the  same  aerofoil. 

The  close  agreement  between  the  two  sets  of  results  confirms  the  validity  of  the  velocity  profile 
and  maximum  velocity  defect  expressions.  Also  seen  is  the  drop  in  the  lift  coefficient  with  an  increase 
in  the  maximum  velocity  defect,  or,  the  drag  coefficient.  It  is  therefore  clear  that  the  maximum 
velocity  defect  is  indicative  of  the  performance  of  the  aerofoil  section.  The  physical  explanation 
is  that  the  sudden  increase  in  the  maximum  velocity  defect  indicates  the  moving  of  the  position  of 
separation  to  a  point  near  the  leading  edge  of  the  blade,  causing  a  depreciation  in  the  circulation 
around  the  aerofoil  resulting  in  a  drop  in  the  lift  coefficient. 
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Fig. 3  Life  and  drag  coefficients  as  functions  of  the  angle  of  incidence. 
PRESSURE  FLUCTUATIONS  IN  THE  WAKE 


The  wake  downstream  of  the  aerofoil  is  substantially  composed  of  vortlceB  mixing  violently  while 
being  swept  with  the  Influence  of  the  main  flow,  Some  of  the  energy  contained  in  the  vortices  is 
dissipated  as  heat,  while  the  rest  is  radiated  as  sound. 

It  has  been  shown  by  Townsend*  that  there  is  a  strong  correlation  between  the  rate  of  shear  and  the 
fluctuating  velocity  and  pressure  in  the  wake.  The  gradient  of  the  mean  velocity  in  the  wake  as  found 
from  Eq  (2)  la 


or,  in  non-dimensional  form, 


— —  s  2oU£(y/b2)  exp{-o(y/b)2) 

3y 


•l3_  ;  2o5Y  exp(-cY2) 
3Y 


(6) 


(7) 


where  q  and  Y  are  non-dimensional  velocity  u/U  and  non-dimensional  transverse  distance  y/b,  respectively. 
Since  the  mean  amplitude  of  the  fluctuating  pressure  p  is  proportional  to  3q/9Y,  then. 


or,  in  non-dimensional  form: 


p  =  KXCY  exp(-aY2) 


3q/3Y 


(3q/3Y)„ 


K2CY  exp(-oY2) 


(8) 


(9) 


where  K1  and  K2 


are  constants. 


Eq  (9)  is  given  in  Fig. 4  together  with  the  measured  values  of  the  fluctuating  pressure,  as  obtained 
by  the  miniature  transducer.  The  position  of  pmax  corresponds  fairly  well  to  the  position  of  maximum 
shear  rate,  as  expected.  The  measured  values  of  p  are  greater  than  those  predicted  by  theory.  This  is 
hardly  surprising  since  the  transducer  measures  the  local  fluctuating  pressure,  plus  that  radiated  from 
nearby  sources,  as  it  is  practically  impossible  to  Isolate  one  part  of  the  wake  from  another.  One 
correction  that  can  be  made  to  the  theory  is  to  include  the  contribution  by  the  pressure  radiation  field 
of  pmax,  knowing  that  in  the  near  field  the  pressure  aaplitude  varies  with  the  Inverse  square  of  the 
distance.  This  is  also  given  in  Fig. 4  shown  with  dashed  lines. 
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Fig. 4  Tramvarae  variation  of  fluctuating  preaaura  In  the  wake  of  en  aerofoil. 


The  above  reault  indicates  that  the  ehear  rate  and  the  fluctuating  pressure  ere  correleted.  In 
order  to  verify  thla,  the  maximum  fluctuating  preaaure  amplitude  was  measured  for  various  values  of  the 
Incidence  angle,  similar  to  the  maxlmtm  velocity  defect  determination.  The  pressure  transducer  was  moved 
across  the  wake  until  the  msxlmum  value  was  obtained  for  a  given  angle  of  Incidence.  The  process  was 
repeated  for  the  whole  range  of  the  Incidence  4ngla,  while  the  upstream  velocity  was  held  constant  throughout 
the  experiment.  Fig. 5  shows  the  variation  of  the  non-dimensional  fluctuating  pressure  Pro/d/2  pUJ)  with 
angle  of  incidence,  measured  at  several  Reynolds  numbers,  together  with 


SHE-—  .  (f(Re)T  exp(-cY*)[exp{-0.05(ci  -  (»„)*}+  0.02(a  -  aD) 2]  (10) 

U/2)pU2 


where  $(Re)  Is  e  function  describing  the  verlatlon  with  Reynolds  Nimber. 
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NOISE  FROM  A  SET  OF  AEROFOILS 

The  aound  pressure  P  at  a  dlatanca  r  fro*  a  dipola  aourca,  aa  found  from  the  wave  aquation  la 


.-JL 


%r  S  3x. 


where  F^  la  the  dipola  strength  density  and  S  la  the  aurfaca  over  which  the  sourcaa  are  Integrated.  3?^/3xj 
must  be  evaluated  at  the  retarded  tlae  t  -  r/a  alnce  the  aound  wave  takaa  a  time  r/a  to  reach  an  observer 
distant  r  from  the  source.  For  the  aerofoil  aactlon  used,  the  area  S  la  the  area  on  the  blade  surface  over 
which  ttK  flow  la  separated.  Therefore,  the  Integral  becomes 

1  L  2  3Fi 

P  «  -  —  fj  —  dZ  dL  (12) 

imt  0  0  3xi 

where  Z  la  the  span  width  and  L  la  the  distance  from  the  trailing  edge  to  the  position  of  separation. 

Since  the  flow  la  assumed  to  be  two-dimensional 

P  =  -  —  —  dL  (13) 


L  jp 

P  m-JLj  c(R)  — 1  dL  (14) 

4nr  0  Sxj 

where  c(R)  la  a  correlation  factor  which  la  assumed  to  be  a  function  of  the  angle  of  Incidence  and  the 
Reynolds  Number. 

The  vortices  produced  at  the  separated  flow  region  and  responsible  for  the  dipole  noise  are  not  cast 
off  regularly  like,  say,  the  Kaiman  vortex  street,  but  are  highly  Irregular.  Experiments  with  this  aerofoil 
have  shown  thst  the  non-dimensional  vortex  shedding  frequency  (Strouhal  number)  n(26)/u  varies  between 
0.19  and ^0. 20,  where  n  la  the  fundaeental  vortex  shedding  frequency  and  (26)  Is  the  wake  width  behind  the 

Assuming  that  the  vortices  move  with  the  mean  velocity  In  the  wake,  the  wavelength  of  the  pressure  Is 

6 

X  a  — or  X  b  _i_  /  u  dv  (15) 

u  n6  0 


and  substituting  the  value  for  the  frequency  n 


X  s  ■  /  u  dy 

U  0 


X  *  10(U/U) 


where  U  la  the  mean  velocity, 

—  f\  o 

The  ratio  U/U  changes  between  0.82  and  0.75  for  angle  of  Incidence  varying  between  0  and  20  . 
Therefore,  the  wavelength  corresponding  to  the  fundamental  requency  Is  approximately  200  mm  over  the  ran^e 
of  a  considered.  On  the  other  hand,  the  lengh  L  of  the  separated  zone  la  smaller  than  100  mm,  the  chord 
length. 

It  can  be  said,  then,  that  since  the  wavelength  of  the  pressure  is  greater  than  twice  the  distance 
over  which  It  is  acting,  there  Is  no  change  in  the  correlation  of  the  dipola  sources  at  the  surface  of 
tha  aerofoil  while  the  angle  of  incidence  is  varied.  Consequently,  the  sound  pressure  level  of  the 
fundamental  frequency  at  the  point  r  changes  proportionally  to  the  strength  density  p  of  the  dipole  source. 

The  sound  pressure  level  P  was  measured  by  the  microphone  placed  at  the  axial  position  of  tha 
rotating  disc  set-up  mentioned  earlier,  Tha  results  are  given  non-dlmensionally  as  P/ (1/2  pU2)  against 
the  angle  of  Incidence  In  Fig. 5,  It  can  be  seen  that  the  amplitude  of  the  radiated  noise  changes  in  a 
way  similar  to  that  of  the  maximum  velocity  defart  aealr.  indicating  the  influence  of  the  shear  rata. 

Aa  further  evidence  for  the  cause  of  the  noise,  spectrographs  of  the  fluctuating  pressure  and  the 
generated  noise  were  compared.  It  waa  found  that  the  spectrographs  are  highly  similar  for  the  same  values 
of  the  Reynolds  number  and  the  Incidence  angle.  A  typical  spectrograph  of  the  pressure  Is  given  In  Fig. 6. 
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Fig. 6  Spectrograph  of  the  pressure  In  the  wake. 


6.  CONCLUSIONS 


It  can  be  concluded  from  this  Investigation  that 


CD  =  *i<0 
P  =  <MC> 
P  m  *3(4) 


These  results  have  interesting  Implications.  For  example,  the  angle  of  incidence  for  minimum  drag 
coefficient  coincides  with  that  for  minimum  noise  generation.  On  the  other  hand,  the  steep  increase  in 
the  noise  level  end  the  drag  coefficient  is  followed  by  stall  and  the  associated  drop  in  the  lift 
-coefficient...-.  The  practical-aspects  of  the  r«gulta_a»  even  more  interesting  in  that  both  the  noise  and 

the  drag  coefficient  are  dependent  on  the  maxlmtan  velocity  defectV  wKTcR  may  n*d--to- considerable  -  _ 

reductions  in  experimentation  with  aerofoils. 


7.  REFERENCES 


1.  I.  Kavrak,  Boftarlgl  Unlv.  Research  Cent.  Publ.,  Series  101,  1972. 


B.S.  Massey,  I.  Kavrak,  J.  Scl.  Inatr.,  V.43,  Aug.  1966,  569-571. 


3.  I.  Kavrak,  Rev.  Scl,  Inatr..  V.41,  No. 5,  May  1970,  628-631. 


4.  Y.  Mori,  Bull.  Jap.  Soc.  Mech.  Eng..  V.3,  1959,  463-469. 


5.  H.  Schllchting,  Boundary  Layer  Theory.  4.  Ed,,  New  York,  McGraw-Hill,  1960,  600-613. 


6.  A. A.  Townsend,  The  Structure  of  Turbulent  Shear  Flow,  Cambridge,  Cambridge  Unlv.  Press,  1956. 


I.  Kavrak,  Proc.  XI.  Yug.  Conr.  Rat,  Appl,  Mech..  v.ll,  Part  9,  June  1972. 


384 


.P  '.WUp'BUrVvfl  ™ 


24.  1 


MESURES  DE  BRUIT  D'HELICOPTERES  EN  VOL 

par 

Fernand  d'AMBRA  et  Jean-Pierre  DED1EU 
Ingdnieurs  h  1 'AEROSPATIALE 
Division  HELICOPTERES 
13221  MARSEILLE  CEDEX  1  FRANCE 

et 

Alain  JULIENNE 

Ingdnieur  i  l'OFFICE  NATIONAL  d'ETUDES  et  de  RECHERCHES  AEROSPATIALES 

92  CHATILLON  FRANCE 


RESUME 

Une  campagne  de  meeuree  de  bruit  a  dtd  faite  en  aeptembre  1971  sur  pluaieurs  hdlicoptdres. 

Lea  eesais,  prdpards  en  dtroite  collaboration  avec  l'ONERA,  avaient  pour  but  d'dtudier  le  bruit  de  plu- 
sieurs  hdlicoptdres  dans  diffdrents  cas  de  vols. 

Pour  satisfaire  les  objectifs  de  cette  campagne,  des  techniques  originales  ont  dtd  utilises  et  notam- 
ment  un  relevd  de  trajectoire  par  un  systfeme  de  trajectographie  k  lhorloge.  Les  ddpouillements  des  survols 
sont  du  type  "Certification  acoustique  des  avions".  Les  rdsultats  sont  ramenfi  Ides  conditions  standard 
de  trajectoire  et  d'atmosphdre  dans  diffdrentes  unites.  Une  dtude  de  dispersion  a  dtd  faite  sur  les  niveaux 
maximaux  et  les  rdsultats  sont  donnds  avec  un  intervalle  de  confiance  statistique.  Le  systdme  de  trajecto¬ 
graphie  a  permis  dgalement  de  dater  les  spectres  acoustiques  et  d’obtenir  les  directivitds  en  vol  des  appa- 
reils  complets  et  de  quelques  sources  particuliferes. 

SUMMARY 

Noise  measurements  have  been  performed  on  several  helicopters  in  September  1971.  These  tests, 
prepared  in  close  connection  with  ONERA,  were  aimed  toward  a  complete  suTvey  ol  helicopter!  internal 
and  external  noise  levels  in  several  flight  conditions. 

In  order  to  satisfy  the  objectives  of  these  tests,  original  techniques  were  used,  in  particular  through 
precise  time  measuring  trajectography  equipment. 

Data  analysis  of  flyover  tests  follows  conventional  aircrafts  acoustical  certification  procedure. 

Test  results  are  corrected  to  duplicate  nominal  flight  path  and  standard  atmosphere  conditions  in  several 
noise^units^ 

A  statistical  ahaIysis~oTma3annim  notst!  levols  has. been  performed  and  results  are  presented  with 
their  confidence  level.  ~ 

The  use  of  the  trajectography  equipment  grants  in  addition  the  exact  timing  of  acoustical  spectra  from 
which  directivity  patterns  of  noise  radiated  from  the  complete  aircraft  in  flight  and  from  particular  noise 
source c  can  be  obtained. 

1.  INTRODUCTION 

La  brul  nlons pr&»ceugx  d«puJ>  da  sow ti slits  ■  U*  StnUtt  OHlrltlt  U  1st  C^ilrw- 

teurs,  par  suite  de  l'accroissement  du  trafic  adrien  et  de  la  taille  des  appareils.  En  cherchant  U  s'intro- 
duire  sur  le  marchd  civil,  les  hdlicopthres  posent  h  leur  tour  un  problhme  de  nuisance,  l'intdret  de  telles 
machines  dtant  de  pouvoir  dvoluer  au  sein  mSme  des  agglomdrations.  Aprfes  avoir  dlabord  des  normes 
acoustiques  pour  les  avions  future,  les  organismes  de  Certification  s'intdressent  maintenant  aux  appareiU 
du  type  STOL,  VTOL. 

Aidde  par  les  ministhres  des  Transports  et  des  Armdes,  la  Socidtd  Nationale  Industrielle  Adrospatiale 
a  entrepris  un  programme  gdndral  d'dtudes  dans  le  but  de  rdduire  le  bruit  de  ses  hdlicoptires.  Cherchant 
dans  un  premier  stade  a  mieux  connaftre  les  problkmes  de  mesure  et  d'analyse,  ainsi  que  les  mdcanismes 
de  gdndration  de  ces  bruits,  elle  a  rdalisd,  en  collaboration  avec  l'OFFICE  NATIONAL  d'ETUDES  et  de 
RECHERCHES  AEROSPATIALES,  une  importante  campagne  de  mesures  en  septembre  1971  sur  le  terrain 
Jt  La  Ftift-Rs  olivitts,  pr"  s  dt  MAKHS'LcTtE. 

Les  essais  ont  permis  d'dtudier  le  bruit  extdrieur  et  intdrieur  de  quatre  hdlicoptferes  dans  diffdrents 
cas  de  vols  :  survols,  atterrissages,  ddcollages,  stationnaires.  L'utilisation  de  chatties  de  mesures  tdld- 
commanddes  synchronisdes  avec  un  syatbme  de  trajectographie,  a  permis  d'obtenir  les  diagrammes  de 
rayonnement  instantands  au  sol. 

Aprda  une  description  du  matdriel  et  des  mdthodes  de  ddpouillement  employdes,  les  premiers  rdsul- 
tats,  relatifs  aux  survols  du  SA  340  sont  donnds  dans  ce  papier. 

2.  ORGANISATION  GENERALE  DES  ESSAIS 

Les  essais  ont  portd  essentiellement  sur  deux  appareils,  un  SA  330  et  un  SA  340,  de  masses  maxi¬ 
males  respective!  6  400  kg  et  1  700  kg.  Quelques  mesures  seulement  ont  dtd  faites  pour  deux  autres 
appareils  du  type  SA  316  et  SA  319. 

Les  survols  dtaient  effectuds  a  50,  lOO  et  150  m  d'altitude  pour  deux  vitesses  diffdrentes  :  vitesse 
de  croisidre  dconomique  et  vitesse  li  puissance  minimale.  Chaque  cas  de  vol  dtait  tripld  pour  pouvoir 
donner  une  plus  grande  confiance  aux  rdsultats  de  mesures. 
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Pour  les  atterrissages  -  dtollages,  deux  pentes  {talent  retenues  :  une  pente  claasique  d'environ 
10*  let  une  pente  faible  du  type  atterrisaage  T.  L,  S.  Lea  stationnaires  {talent  effectut  k  10  m,  30  m, 

1  00  m  et  150  m,  dans  deux  directions  opposts. 

La  figure  n*  1  donne  un  schema  de  1  'implantation &  douze  points  de  mesurea,  qui  {tait  retenue  pour 
les  mesurea  de  bruit  des  survols  et  d'atterrissages  -  dicollages.  Chacun  de  cea  points  {tait  Iquipi 
d'une  station  autonome  de  mesure  (voir  chapitre  3).  .  ' 

Pour  les  vols  stationnaires,  la  plupart  de  ces  stations  {talent  conservies,  mais  l'implantation  {tait 
compUtt  par  onze  points  de  mesures,  dispost  sur  un  cercle  de  50  m  de  rayon  et  relit  k  un  enregis- 
treur  multipiste.  (Figure  n*  2) 

Les  hdlicoptkres  {taient  igalement  {quipt  de  microphones  &  1'inttieur  de  la  cabine  et  k  l'exttieur 
prks  des  sources  pripondirantes  de  bruit  :  entrt  d'air  et  {jection  des  moteurs,  mtanique  et  rotors. 

Les  enregistrem*nts  itaient  faits  sur  magnitophone  multipiste  embarqui,  synchronisi  avec  le  magn{- 
tophone  multipiste  au  sol. 

Cette  disposition  de  microphones  sert  It  identifier  les  difftentes  sources  de  bruit  en  vol  et  d'en 
connaftre  la  part  relative  dans  le  bruit  global  dans  diiff  rents  azimuts  autour  de  l'apparell  en  itatlonnaire. 

Enfin,  un  relevi  continu  de  temptature,  pression,  degri  hygromitrique  et  de  vitesse  du  vent,  {tait 
fait  sur  le  terrain,  dans  le  but  de  corrections  ult{rieures  des  r{sultats  obtenus. 

3.  MATERIEL  DE  MESURE  DE  BRUIT 

Au  cours  d'une  campagne  .e  mesures  de  ce  type,  de  nombreuses  {volutions  sont  effectu{es,  amenant 
un  volume  consid{rable  de  donn{es  a  traiter.  II  eat  done  indispensable,  pour  une  exploitation  rapine  des 
mesures,  de  rendre  aulomatiques  ala  fois  les  prises  de  son  et  les  analyses  et  d{pouillements. 

Le  mattiel  uttlL.sf  ps-ni-tsat  jja ;  e'lJ-iin  A  tti  d£vslep£4  AC  1'ujfiCe  SnlfJAl  1  'Etude B  *t  d«  Reeharehes 
Adrospatiales  et  par  la  Soci{t{  Nationale  d'Etude  et  de  Construction  de  Moteurs  d'Aviation.  II  a  d{jk  fait 
l'objet  d'une  communication  au  dixikme  Congrks  International  A{ronautique  organist  par  l'A.  F.  I.  T.  A{ 
(R{f.  1). 

Son  but  est  de  faciliter  les  enregistrements  sonores  en  des  points  multiples  lors  des  essaie  de  survol 
ou  de  point  fixe  et  de  pr{parer  les  bandes  magntiques  analogiques  en  vue  de  leur  d{pouillement  ult{rieur 
par  analyse  en  temps  r{el  et  traitement  num{rique  du  signal. 

Nous  n'en  rappellerons  que  le  principe  g{n{ral  de  fonctionnement.  La  figure  n°  3  repr{sente  le  sch{ma 
d'utilisation  de  cet  appareillage. 

Un  dmetteur  d'ordres,  constitud  d'une  horloge  k  diapason  donne  des  ordres  de  mise  en  marche  et 
d'arrCt  pour  les  enreglstreurs  et  des  ordres  sdquentiels  pour  la  synchronisation.  Ces  ordres,  sous  forme 
de  tops  ou  trains  d'ondes  compos{s  de  deux  signaux  sinusoldaux,  modulent  en  fr{quence  un  {metteur  CSF. 

Une  sortie  logique  des  signaux  de  synchronisation  autorise  un  recalage  dans  le  temps,  aver  le  sys- 
tkme  de  trajectographie. 

C0t{  reception,  la  bofte  logique  revolt  d'un  rtepteur  CSF  les  signaux  basse  friquence  qui,  aprks 
decodage  et  temporisation  vont  donner  naissance  aux  tops  d{finitifs,  normalises  pour  le  d{pouillement 
automatique  et  qui  sont  ins{r{s  sur  la  bande  magndtique  dans  le  signal  microphonique. 

Cette  borte  re;oit  {galement,  venant  d'un  adaptateur  pour  microphone  acapacite  (BKUrL  et  KJAi.R 
1/2  pouce),  les  signaux  microphonique s  dont  le  niveau  convenable  peut  etre  r{gl{  par  bonds  de  10  dtiBels. 

Les  enregistreurs  utilises  sont  des  magnetophones  monopiste  du  type  NAGRA. 

La  figure  n*  4  donne  une  vue  d'une  station  de  mesure. 

4.  RELEVE  DES  TRAJECTOIRES 

Les  trajectoires  des  h{licoptkres  ont  dt{  relevtsk  l'aide  d'un  systkme  prototype  de  trajectographie 
k  1 'horloge  d{velopp{  par  l'ONERA  (R{f.  2).  Le  principe  est  bas{  sur  la  mesure  des  distances  du  mobile 
kun  certain  nombre  de  stations  au  sol,  par  comparaison  d’un  signal  {mis  sous  le  contrOle  d'une  horloge 
embarqu{e  k  un  signal  homologue  produit  au  sol  sous  le  contrOle  d'une  horloge  locale. 

Les  horloges  {quipant  le  mobile  et  les  diff{rents  postes  sont  constitute  par  des  oscillateurs  tris 
stables  associ{s  k  des  g{n{rateurs  d'thelles  de  temps.  Les  {chelles  de  temps  utilists  sont  constituts 
par  des  impulsions  brkves  kune  recurrence  donn{e  (10  Hz  par  exemple). 

Dans  le  mobile,  une  commande  d'Atietteur  fournit,  k  partir  de  l'{chelle  de  temps  not{e  H]^,  des 
impulsions  cod{esk  un  {metteur.  Les  signaux  modulent  une  fr{quence  porteuse  et  les  impulsions  {mises 
sont  re;ues  au  sol  dans  les  diff{rentes  stations  (3  au  minimum). 

Chaque  station  est  {quip{e  d'un  rtepteur  et  d'un  dtodeur  qui  restituent  l'{chelle  de  temps  trans- 
mise  H'm. 

Les  {chelles  de  temps  restitute  H'm  sont  transmises  par  cables  vers  un  poste  central  qui  comporte 
une  horloge  fournissant  une  thelle  de  temps  Hb.  Un  dispositlf  de  chronomtrie  dtermine  la  position 
de  chaque  thelle  de  temps  transmise  H'm  par  rapport  k  1' thelle  de  temps  locale  Hb. 

Ces  mesures  permettent  d'accter  aux  temps  de  propagation  de  l'thelle  de  temps  Hj^  entre  le 
mobile  et  les  difftentes  stations.  On  obtient  ainsi  les  distances  radiates  h  partir  desquelles  il  est  possi¬ 
ble  de  calculer  un  point  de  trajectoire  en  coordonnts  approprits.  La  figure  n*  5  pr{sente  le  schema 
de  fvmehuhnemR.i  de  ce  syslfcu.e.  La  figure  n*  t  xnvn.tr e  le  materiel  em barqui  dans  l’hilfcvqrttre. 
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Dan*  le  dispoeitif  utilise,  les  distances  entre  les  bates  sont  voislnes  du  kilometre,  ce  qui  permet 
de  relever  les  trajectoires  des  hdlicoptferes  sur  plusieurs  kilometres. 

Les  rdsultats  sont  donnas,  soit  en  temps  rdel  sous  forme  de  distances  radiales,  so't  en  diffdrd, 
aprks  traitement  sur  ordinateur,  sous  forme  de  coordonndes  X,  Y,  Z,  dans  le  systkme  d'axes  de  la 
figure  n*  1,  choisi  pour  l'ensemble  des  essais. 

Une  mesure  brute  permet  de  localiser  un  point  de  la  trajectoire  dans  un  cube  d'environ  4  m  d'ardte. 

Par  ailleurs,  la  presence  d'horloges  dans  le  mobile  et  les  bases  permet  de  dater  des  enregistrements 
autres  que  ceux  de  la  trajectographie,  par  exemple  les  enregistrements  de  bruit. 

Les  figures  n°  7  et  n°  8  montrent  le  principe  de' la  synchronisation  utilisde  pendant  les  essais  de 
La  Fare-les-Oliviers..  Pour  les  survols,  les  tops  de  repdrage  des  enregistrements  de  bruit  sont  datds 
par  l'horloge  de  la  station  de  trajectographie.  Pour  les  vols  stationnaires,  les  horloges  sol  et  appareil 
pilotaient  des  codeurs  de  temps  chargds  d'inscrire  l'heure  sur  les  enregistreurs  multipistes. 

5.  DEPOUILLEMENTS 

Nombreuses  sont  les  analyses  que  l'on  peut  effectuer  sur  les  enregistrements  d'une  telle  campagne  : 
bruit  global,  analyse  1/3  d'oetave  ou  analyse  k  bande  dtroite. 

Nous  ne  parlerons  ici  que  des  ddpouillements  1/3  d'oetave  qui  ont  dtd  faits  dans  le  cas  des  survols. 

La  procedure  d'analyse  retenue  a  dt d  celle  de  la  certification  acoustique  des  avions,  conformdment  aux 
normes  existantes.  Un  spectre  l/3  d'oetave  est  donnd  chaque  500  ms  sur  lesquelles  495  ms  sont  consa- 
erd«»  &  1 'analyse  el  5  ms  au  ealeul.  Ces  analyses  cm  did  fades  k  1 'ON ERA  sur  un  analyseur  Cdt.dral 
Radio  1921  coupld  k  un  calculateur  CII  10020  (Rdf.  1). 

Ces  spectres  1/3  d'oetave  sont  corrigds  d'aprks  la  courbe  de  rdponse  de  la  chalhe  d'enregistrement 
et  sont  transmis  k  la  SNIAS  sous  la  forme  de  bandes  magndtiques  numdriques.  Lk,  un  programme  de 
calcul  permet  d'obtenir,  pour  un  point  donnd,  le  niveau  sonore  global  chaque  O,  5  s,  exprimd  dans  diffd- 
rentes  unitds  :  dBlin,  dBA,  dBD,  PNdB,  TPNdB.  Pour  un  survol  complet  on  peut  dgalement  donner  le 
niveau  en  E  PNdB. 

Ces  rdsultats  sont  relatifs  aux  mesures  rdellement  faites  sur  le  terrain.  En  tenant  compte  des  mesures 
d«  U-ajscTogrjipf  i«  J;1  esl  iwwilis  de  rtnnnM  le  B  rdsultats  rlluifs  4  un  v jl  rdel  4  ream  J  'un  eel  lietif 
parfaitement  rectiligne  4  l'altitude  demandde.  Pour  celk,  il  faut  calculer  la  position  retardde  de  l'hdli- 
coptkre,  e'est-k-dire  la  position  qu'il  occupait  au  moment  oil  il  a  dmis  le  son  sur  lequel  on  cherche  4 
appliquer  une  correction  de  niveau.  La  position  d'dmission  dtant  connue,  le  spectre  est  corrigd  en  fonc- 
tlon  de  1'abBorption  atmoaphdrique  correspondant  ^  l'dcart  entre  la  position  rdelle  et  la  position  thdorique. 
Les  rndmes  calculs  de  niveaux  globaux  que  pour  les  mesures  directes  sont  effectuds  k  partir  des  spectres 
ainsi  corrigds. 

Pour  opdrer  les  corrections  atmosphdriques,  il  est  ndeessaire  de  faire  intervenir  les  caractdristiques 
atmosphdriques,  tempdrature  et  degrd  hygromdtrique,  observdes  pendant  la  mesure.  Il  est  possible  de 
ramener  toutes  les  mesures  4  une  atmosphere  moyenne  du  jour  de  mesure. 

Compte  tenu  de  ces  diverses  corrections  de  trajectoire  et  d'atmosphkre,  il  a  dtd  possible  d'amdliorer 
l'dcart  type  sur  des  lots  de  mesures  de  mime  nature  (d'environ  O,  2  k  O,  3  dB). 

La  figure  n“  9  uonne  I 'organigramme  gdndrd  do  .fah_mnt  numerique  qui  a  dtd  fait  4  paixir  de» 
enregistrements  magndtiques. 

6.  PREMIERS  RESULTATS  RELATIFS  AUX  SURVOLS  DU  SA  310 

Tous  les  niveaux  sonores  qui  sont  donnds  dans  les  paragraphes  suivants  sont  corrigds  : 

-  de  la  courbe  de  rdponse  de  la  chatiie  de  mesure 

-  des  imperfections  de  trajectoire 

-  des  fluctuations  des  conditions  atmosphdriques  d'un  essai  k  un  autre,  les  conditions  moyennes  retenui 
dtant  T  =  25*C,  H  =  34  % 

Faute  d'unitd  bien  ddfinie  pour  le  bruit  des  hdlicoptkres,  tous  les  rdsultats  sont  exprimds  dans  les 
diffdrentes  unitds  usuelles. 

6.  1.  Evolution  du  niveau  global  pendant  le  passage  de  l'appareil 

Sur  les  planches  10,  11,  12  et  13,  ont  dtd  traedes  les  dvolutions  du  niveau  global  (en  dBlin,  dBA  et 
PNdB)  en  fonction  du  temps,  pour  deux  cas  de  vol  k  50  m  d'altitude. 

Que  ce  soit  sous  trace  ou  latdralement  k  lOO  m,  il  est  intdressant  de  comparer  les  dvolutions  dans 
les  diffdrentes  unitds  et  pour  les  deux  cas  de  vitesse  d'avancement.  Les  variations  relatives  entre  les 
diffdrentes  unitds  rendent  en  effet  bien  compte  de  l'dvolution  du  spectre  de  bruit. 

En  approche,  4  250  km/h,  il  y  a  un  bruit  important  du  rotor  principal  qui  se  traduit  par  un  fort 
niveau  en  dBlin.  Ce  n'est  que  2  ou  3  secondes  avant  le  passage  k  la  verticale  que  le  niveau  en  PNdB  devient 
plus  important  par  suite  de  la  participation  des  autres  sources  de  bruit  telles  que  le  rotor  arrikre  ou  le 
moteur.  La  courbe  devolution  en  dBA  a  la  mime  allure  avec  une  diffdrence  gdndrale  d'environ  13  dB. 

Dans  tous  les  cas,  aprks  le  passage  k  la  verticale,  la  ddcroissance  est  du  mime  type  dans  toutes 
les  unitds,  preuve  qu'k  l'arrikre  de  l'appareil  le  bruit  du  rotor  principal  n'est  plus  trks  important  par 
rapport  aux  autres  sources.  Nous  retrouverons  ces  rdsultats  sur  les  diagrammes  de  directivitd. 

6.  2.  Niveaux  maximaux 

La  disposition  des  microphones  permet  d'avoir  7  points  rdpartis  sur  800  m  le  long  d'une  ligne  per- 
pendiculaire  k  la  trace  au  sol  du  survol  (400  m  de  part  et  d 'autre). 
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Le*  point*  de  mesure  disposl*  *ur  une  mime  parallkle  au  survol  doivent  donner  le*  mtmei  niveaux 
dicalls  dans  le  temp*.  Comme  de  plus  le*  vol*  sont  triplls,  on  obtient  jusqu'k  12  meiure*  du  mime 
niveau  de  bruit  sous  trace  et  9  mesures  pour  le  bruit  latlral  k  lOO  m. 

Le*  niveaux  maximaux  ont  Itl  relevls  pour  tou*  le*  vol*  et  tou*  le*  point*  de  mesure.  Une  Itude 
de  normalitl  et  d'llimination  de  points  aberrant*  a  Itl  faite  pour  chaque  lot  de  meaure*.  On  arrive  ainsi 
k  de*  Icart*  type  de  1  dB  environ  et  des  intervalle*  de  confiance  k  90  %  pour  la  valeur  moyenne  de  O,  6  dB 
environ. 

Seul  le  phlnomkne  de  "blade  slap"  vient  parfois  perturber  ces  mesures  en  augmentant  leur  dispersion. 
Les  niveaux  maximaux  moyens  sont  portls  sur  les  figures  14  et  15. 

6.  3.  Champs  sonores  au  sol 

Dans  les  ca*  de  vols  oil  la  dispersion  sur  les  niveaux  maximaux  (sous  trace  par  exemple)  est  faible, 
on  peut  faire  l'hypothkse  que  l'hllicoptfere  entraine  avec  lui  un  champ  sonore  constant. 

II  est  alors  possible  d'utiliser  conjointement  les  rlsultata  d'acoustique  et  de  trajectographie  pour 
reatituer  avec  un  asset  grand  nombre  de  point*  le  champ  sonore  au  sol  (voir  figure*  16  et  17). 

On  peut  Igalement  obtenir  les  diagrammes  de  directivit6  de  l'hllicoptkre  en  vol.  Ces  diagrammes 
ont  Itl  tracls  pour  une  distance  constante  k  l'appareil  de  250  m  (voir  figures  n°  18  et  19).  Ces  mimes 
diagrammes  de  dlrectivitl  peuvent  Itre  fait*  dans  les  mimes  conditions  pour  des  bandes  de  frlquences 
particulikres  :  on  obtient  alors  les  directivitls  de*  difflrentes  sources  (figure  20). 

II  faut  noter  que  ces  diagrammes  sont  ceux  des  bandes  l/3  d'octave  contenant  les  frlquences  carac- 
tlristiques  des  sources  considlrles.  Dans  ce  cat,  les  sources  sont  le  rotor  principal,  le  rotor  arrikre 
carlnl  et  le  compresseur  du  moteur  dont  les  frlquences  fondamentales  sont  respectivement  18  Hz,  1250  Hz 
et  8000  Hz. 

Pour  le  rotor  principal,  les  trois  premiers  harmonlques  ont  Itl  pris  en  compte. 

Ces  diagrammes  appellent  quelques  commentaires  : 

-  quelles  que  soient  les  unitls  employles  et  quel  que  soit  l'azimut  choisi,  les  niveaux  sonores  sont  plus 
llevls  k  grande  vitesse  d'avancement. 

•  il  y  a  d'importantes  variations  de  directivitl  en  dBlin  (done  essentiellement  rotor  principal)  entre  les 
vols  k  250  km/h  et  125  km/h. 

•  les  directivitls  sont  assez  difflrentes  Igalement  suivant  les  unitls  choisies.  En  dBlin  on  a  une  forte 
directivitl  vers  l'avant.  Les  dBA  et  PNdB  donnent,  k  un  Icart  glnlral  prfes,  la  mime  directivitl  avec 
des  niveaux  maximaux  latlralement. 

Ceci  s'explique  aislment  k  l'aide  de  la  figure  20,  montrant  les  directivitls  par  source. 

7.  CONCLUSION 

Une  Itude  dltaillle  des  problkmes  de  bruit  d’hllicoptkres  doit  passer,  dans  un  premier  temps,  par 
le  stade  des  mesures.  La  campagne  de  La  Fare-les-Oliviers  aura  permis,  grace  k  1 'utilisation  de  matl- 
riel  splcialement  Itudil  pour  les  mesures  de  bruits  alronautiques,  d'amener  un  grand  nombre  d'infor- 
mations  intlressantes. 

Outre  la  connaissance  des  niveaux  sonores  des  appareils,  une  campagne  de  ce  type  permet  d'obtenir, 
moyennant  un  important  traitement  numlrique  : 

-  des  lllments  prlcieux  pour  effectuer  des  recoupements  avec  les  difflrentes  thlories  existantes 

-  une  meilleure  connaissance  des  phlnomknes  acoustiques  particuliers  aux  hllicoptkres 
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pour  les  mesures  de  bruit  de  survol . 


Fig  2  Implantation  des  microphones  pour 
les  mesures  de  bruit  en  stationnaire . 
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Figure  4  :  VUE  D'UNE  STATION  DE  MESURE 
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Figure  7  :  Synchronisation  des  mesures  acous- 
•tiques  ef  des  mesures  de  trajectographie 
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Figure  8  :  Synchronisation  des  mesures  acousti- 

•ques  etdes  mesures  de  trajectographie 
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A  2  b laded  56  ft.  diameter  rotor  maa  run  on  m  tower  in  an  inverted  mode  to  that  the  problem  of 
recirculation  and  the  difficulties  of  measuring  noise  direotivity  oharaoteristios  oould  be  overoome.  This 
paper  outlines  the  analysis  procedure  used  and  presents  the  detailed  results  obtained.  Tram  a  praotioal 
point  of  view  rotor  noise  oan  be  considered  to  consist  of  rotational  or  dlsorete  frequency  noise,  low 
frequency  broadband  noise  and  high  frequency  broadband  noise.  The  spectrum  oharaoteristios  and  the 
directivity  pattens  of  each  of  these  sources  have  been  examined  as  a  function  of  the  blade  tip  speed,  the 
total  rotor  thrust  and  the  measurement  angle  relative  to  the  rotor  diso  plane.  The  trends  assoolated  with 
the  overall  noise,  whioh  is  dependent  on  the  relative  magnitude  of  the  individual  souroes,  have  also  been 
studied.  These  results  have  been  compared,  where  possible,  with  the  trends  given  by  theoretioal  and 
semi-empirloal  prediotion  methods.  Time  history  traoes  are  also  included;  these  show  that  even  under  ideal 
conditions  rotor  noise  is  impulsive  in  nature. 


On  a  fait  tourner  un^  rotor  bipale  de  17  m  ds  diamltre  au  banc  dans  un  node  inverse  de  fag  on  a 
pouvolr  eu  moot  or  le  problame  de  recirculation  et  les  difficult**  relatives  a  la  mesure  des  oaract/ristlques 
de  directivite  du  bruit.  La  presente  etude  deorit  dans  ses  grand**  lignes  1' analyse  qui  a  at/  sense  et  en 
fournit  les  rfsultats  dd’tailles.  fti  point  de  vue  pratique,  on  peut  estiaer  que  le  bniit  du  rotor  se 
decompose  en  bruit  rotatlonnel  ou  a  frequence  dlsorjite,  en  bruit  a  basse  frequence  a  large  bands  et  en  y 
bniit  i  haute  frequenoe  a  large  bands,  Les  oarmcterlstiques  speot rales  at  les  diagraames  de  dlreotlvite 
de  ohaouna  de  oes  souroes  ont  it*  examines  en  fonotion  de  la  vitesse  an  bout  de  pale,  do  la  peussee  total*  du 
rotor  et  de  l'angle  de  assure  re  let  if  au  plan  du  dlsque  rotor.  Los  indications  provenant  du  bniit  global, 
lequal  est  fonotion  de  l'importanoe  relative  dss  souroes  individuelles,  ont  egalement  it4  itudi {**.,  On  a, 
dans  la  mesure  du  possible,  oaapare  let  resultats  obtenus,  aveo  les  lndloations  feu  rales  par  lea  method** 
de  prrriaion  thsoriques  et  seni-empirlqies.  On  a  egalement  tem  oompte  des  indications  aooumuleea  dans  le 
tamps,  et,U  ressort  de  oes  demiires  que  mime  dans  des  conditions  ideal**,  le  bruit  du  rotor  present*  un 
oaraoteVw  tris  irregulier. 
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1.  IMSODUCTIOB 

The  understanding  at  rotor  noiaa  and  the  davslopment  at  rallabl#  p radio t ion  methods  have  baan 
raatriotad  by  tha  lack  of  aoourata  and  datailad  experimental  taat  data.  In  tha  pait  full  aoala  tilting 
haa  generally  baan  oarriad  out  using  althar  hovering  hallooptars,  ahara  tha  "nolia"  ia  a  oonbination  of 
■ain  rotor,  tail  rotor  and  angina  noiaa,  or  lea  whirl  towara  whloh  ara  aubjaot  to  ground  affacta  and 
oonaidarabla  flow  raoiroulatlon.  Oooasionally  high  whirl  towara  have  baen  uaad  but  dua  to  tha  problem  of 
■ountlng  niorophonei  ato, measurements  appaar  to  hawa  baan  llnitad  to  ona  or  two  iaolatad  poaitlona.  Tha 
majority  of  thaaa  taata  hawa  baan  oonduetad  on  an  'ad  hoo*  baaia  with  tha  raault  that  tha  ranga  of  taat 
oonditiona  ou  ona  partioular  configuration  baa  uaualljr  baan  rary  llnitad  and,  baoauaa  of  tha  taat  layout, 
diraotivity  aaaaunnanta  hawa  not  baan  poaaibla.  It  alao  appaar*  fren  a  atudy  of  previous  investigations, 
that  aavara  liaitationa  have  baan  lapoaad  on  tha  analysis  baoauaa  'off-the-shelf'  noiaa  instrumentation 
waa  alaply  oouplad  together  without  datailad  thought  being  giaan  to  tha  practical  problaaa  involved. 

To  ovarocaw  thaaa  raatriotiona,  and  in  partioular  tha  raoiroulatlon  effaota,  a  rotor  waa  run  on  a 
towar  in  an  "up-iida-dorn"  noda  ao  that  tha  flow  froa  tha  rotor  waa  diraotad  upward*.  To  allow  tha 
diraotivity  oharaotariatioa  of  tha  noiaa  to  ba  aaaaaaad  a  balloon  aupportad  niorophona  waa  uaad,  togathor 
with  a  ground  ale  repboa*  array ,  ao  (bat  could  be  thUlui  na  an  arc  at  a  dutama  at 

appraxloat aly  5  rotor  diameter*.  Othar  niorophonaa  wara  poaitionad  ao  that  tha  near  field  noiaa 
oharaotariatioa  and  llnitad  information  on  tha  attanuation  of  noiaa  with  diatanoa  could  ba  aaaaaaad.  A 
apeolal  aat  at  raoording  inatrumentation  waa  dtaignad  and  an  analysing  ijratao  waa  dawalopad  ao  that 
datailad  narrowband  analysis  oculd  ba  performed.  Tha  Min  series  of  taata  wara  conducted  using  a  2  b laded 
rotor  and  nanauranants  wara,  in  general,  only  made  whan  tha  wind  speed  waa  2  knots  or  leaa.  Thus  tha  rotor 
was  run  in  as  near  as  poaaibla  ideal  "olsan*  oonditiona.  flow  visualisation  taata  (using  smoke)  ware 
oonduetad  to  atudy  tha  asrodynanio  environment  and  thaaa  oonrirmsd  that  tha  flow  through  the  rotor  was  for 
all  prsotloal  purposes  steady  and,  sxoapt  for  tha  "oalling  offaot*  caused  oy  tha  ground,  tha  waxa  shapes 
wara  as  expeoted  for  a  hovsrlng  rotor.  Siniiar  flow  visualisation  atudiaa  wara  oarriad  out  using  a  aingia 
o  lad  ad  rotor  and,  largely  as  a  result  of  tha  staole  nature  of  the  wake,  it  las  baen  possible  to  measure 
tha  structure  of  tha  tip  vortex  using  a  'hot  wire'  anamonatar  (1). 

Tha  Min  anphasis  of  this  'olean*  rotor  study  waa  plaoad  on  determining  tha  noise  oharaotariatioa  of 
a  2  Dladed  56  ft.  diameter  355  helicopter  rotor.  This  paper  outlines  the  apecifio  rotor  noiaa  aourcaa  of 
interest  on  this  rotor  and  presents  tha  results  of  tha  initial  analysis  programme. 

2.  ROTOR  NOIaB  SCURUBS 

Tha  noiaa  produced  ay  a  rotor  ia  a  o gemination  of  tha  sounds  genezntad  ay  a  number  of 
individual  sou  roe  nsohanisM,  Ires  a  practical  viewpoint  rotor  noiaa  can  be  considered  to  consist  of 
rotational  or  diaorete  frequency  noiaa  and  broadband  noiaa.  Experimentally  it  la  usual  to  define  all  the 
aoouatio  energy  wnioh  does  not  show  up  as  "peaks"  on  a  vary  narrowband  speotrum  analysis  (where  the  rilter 
bandwidth  is  touch  lass  than  tha  rotational  frequency)  as  broadband  noiae.  Although  it  waa  known  that 
broadband  noise  extended  over  a  very  wide  frequency  region,  it  waa  thought  that  its  spectrum  was  dominated 
by  a  'psak'  at  ansrgy  in  tha  250-500H*  ranga  at  a  frequency  dependent  on  a  Strouhal  relationship.  This 
study  haa  shown  that  thla  ia  not  tha  oaae  and  that  ia  tha  region  traditionally  associated  with  broadband 
or  "vortex"  noise,  tha  noiaa  is  oomprleed  of  both  rotational  noise  oemponents  and  broadband  noiae 
components.  Taa  lmprovad  measurement  and  mnmlysla  taohniqua*  uaad  for  this  investigation  haa  alao  ah  own 
that  around  4kHs  there  ia  a  previously  undetected  narrowband  "hump"  of  random  noiaa.  Slnoe  the  results 
for  thaaa  two  main  broadband  noiaa  region*  exhibit  distinctive  and  well  defined  oharaoteristloa,  they  have 
baan  termed  for  oonvenlsno*  as  low  frequency  oroadoand  noise  and  high  fraquenoy  broadband  noise. 

3.  tbst  noBkan/iiBTmnriiatm 

A  dlagrumatio  raprasantation  of  tbs  taat  layout  and  inatrumentation  ia  shown  in  figure  1. 

Tha  whirl  towar,  whioh  la  oapabla  of  being  run  in  either  direction,  was  fitted  with  a  modified  bub  so  that 
tha  blade*  could  ba  run  inverted.  The  rotor  diso  plane-to-ground  clearance  was  19  ft  (5.8  a)  and  tha  ground 
in  the  vioinity  of  the  towar  was  essentially  flat. 

Tha  Hi-Pass  filter  was  incorporated  in  the  ay  at  am  to  improve  the  affaotiv*  aignal-to-noiae 
ratio  when  studying  broadband  noise  and  the  Data  Signal  Monitoring  Unit  was  designed  to  prevent 
overloading  or  underloading  of  tha  rsoordsd  signal.  The  FM  taps  raoordar  (AMPSZ  fRI 300)  waa  used  to 
oollvet  general  data  fren  all  tha  atcrophooaa,  while  at  the  politicos  at  which  high  signal- to- nclaa  ratio* 
ware  required  raoording*  war*  also  made  on  Nagra  Diroot  AM  Tap*  Recorders.  For  tha  rotational  noiaa 
studies  low  fraquenoy  FBI  niorophonaa  war*  uaad.  Full  details  of  this  raoording  system,  including  tha 
apaoial  inatrumentation  developed  for  thla  investigation  are  described  in  refareno*  2.  Preolse  chsoka  of 
"internal  aquipaant  noiaa"  and  detailed  calibrations  ware  made:  these  showed  that  with  thw  system 
illustrated  in  figure  1  high  quality  record  in*  with  aignal-to-ncise  ratio*  far  in  excaas  of  thoa*  normally 
assooiatad  with  reoordad  signals  war*  obtained  (2). 

For  analysis  x  fhoility  based  on  a  Spectral  Dynamics  SD  101  Analogue  analyser  was  developed  (2). 
This  allows  analysis  with  filter  bandwidth*  of  1.5Hs,  2Hs,  5Hs,  lOHs,  20 Ax  and  lOOHs  to  b#  obtained  and 
plotted  on  long  traeaa  -  for  aas*  of  reading  -  to  a  linear  or  logaritbmio  fraquenoy  tss*.  With  thla 
fhoility  "filtered  (2Hs)-sign*l-to- noiaa- ratios"  of  80dB  war*  obtainable. 

tar  lb  taata  dsaorUed  In  this  paper  a  1  Uaisl  iiJ  rater  ms  uaad.  Tha  juiarten  1 1  this 
rotor  ar*  cummarlaad  in  Table  1  and  the  rang*  of  tost  oonditiona  datailad  in  Tabl*  2.  Aa  indicated, 
maaaur Manta  war*  mad*  over  a  tip  spaed  rang*  of  408  ft/sae  ( 124. 5»/*ao)  to  758  ft/a*o  (231  m/aec)  and 
tbs  total  thrust  was  varied  batwaan  aero  and  5000  lbs.  (2265Kg). 
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4.  ANALYSIS  FR0GRAXR1 

Anal/ at  •  of  selected  conditions  hart  baan  oarriad  oat  for  all  tha  recording  positions  on  tba 
290  ft.  radius  illuatratad  in  figure  1.  Exoept  la  tha  oaaa  at  tha  directivity  atudias  where  information 
fraa  all  alorophonee  la  of  intaraat,  tba  iuitial  ala  was  to  stu*;r  tha  oharaotariatlca  diraoti/  oaloa  tha 
rotor  (85)  and  in  tha  rotor  dlao  plana  (29).  Tha  raaulta  obtain**  at  position  85  wars,  however,  affaotad 
in  maty  oasaa  by  oanoallation  offsets  and  tha  oharaotor  of  tha  apaotrua  obtained  tram  recordings  made  at 
29  appeared  to  have  baan  influenced  by  ground  reflection*.  Thus  tha  results  given  in  this  paper  are  baaed, 
in  general,  on  aiaaauraaants  taken  at  B4  (75°  below  tha  rotor  dlao)  and  27  (11 .5°  below  tha  rotor  dise) 
whioh  are  both  fraa  fraa  ground  effeots.  In  determining  the  directivity  patterns  eery  detailed  analyses 
of  tha  raoordinga  aada  at  B5  and  29  have  been  aada  and,  whara  neosssary,  allowances  and  oorreotions  applied 
to  tha  results.  Tha  values  given  in  the  paper  are,  therefore,  as  near  as  possible  representative  of 
results  whioh  would  bo  obtained  under  'free  field'  conditions. 

The  three  sain  souroes  •  rotational  noise,  low  f  reqjsnoy  broadband  noise  and  high  frequency 
broadband  noise  -  all  have  distinctive  and  wall  defined  obaraoteristios.  Thssa  have  been  exanined  as  a 
function  of  tha  blade  tip  speed,  the  total  rotor  thrust  and  the  measurement  angle  relative  to  tha  rotor 
diso  plane.  Tha  trends  assooiated  with  the  overall  noise,  whioh  is  dependent  on  the  relative  magnitude  of 
the  individual  souroes,  have  also  been  studied,. 

5.  ROTOR  NOISX  -  CfifSIAL  CHARACTERISTICS 

typioal  narrowband  analysis  results  are  shown  in  figure  2.  Indicated  on  these  traoes  are  the 
three  souroes  at  interest  together  with  their  appropriate  frequency  ranges.  Below  200Hs  tha  opeotrua  is 
dominated  by  rotational  noise  whioh  shows  up  as  a  series  of  "peaks"  whioh  are  harmonically  related  to  the 
blade  passiig  frequency.  Above  1.5kH*  the  speotrun  is  rand  on  in  nature  and,  as  oan  be  seen  from  the 
figure,  a  "fauap"  of  broadband  energy  ooours  in  the  4kHs  region.  This  is  aost  significant  at  the  low 
lift/low  tip  speed  conditions  when  it  is  subjeotivsly  very  notioable.  In  the  region  150Hs  to  1.5kHs  both 
rotational  noise  and  broadband  noise  are  present.  At  tha  low  lift/low  speed  conditions  the  broad  ha  mi 
noise  controls  tba  speotrun,  while  at  high  lift/high  speed  both  souroes  are  equally  important.  Increases 
in  tip  speed  (at  fixed  thrust)  produoe  considerable  increases  in  the  level  of  the  higher  harmonio 
rotational  noise,  while  increases  in  thrust  (at  oonatant  tip  speed)  only  nominally  raise  the  rotational 
noise  content .  This  supports  the  general  observations  that  rotor  noise  is  more  sensitive  to  variations 
in  tip  speed  than  ohanges  in  thrust. 

6.  L0>  IRBJUXNCT  BROADBAND  NOISE 

6.1.  Analysis  procedure 

As  explained  previously  the  broadband  region  is  often  a  combination  of  broadband  noise  and 
discrete  frequency  noise  as  illustrated  in  figure  2.  Zt  is  neoessaiy,  therefore,  to  study  this  region 
in  detail  before  the  level  of  the  broadband  noise  oan  be  determined.  The  approach  used  by  the  author 
involves  analysing  this  region  of  the  spaotrua  with  several  different  bandwidth  filters.  When  a  very 
narrowband  filter,  say  2Hs,  is  used  the  speotrun  la  dominated  by  the  discrete  freqienoy  "peaks"  and  the 
broadband  noise  forms  the  "troughs"  or  general  base  level.  As  the  filter  bandwidth  is  increased  the 
broadband  noise  increases  in  amplitude  while  the  "peaks"  remain  i.t  essentially  the  same  level.  If  this 
prooess  is  continued  a  stage  is  reaohed  at  whioh  the  speotrun  level  la  solely  a  fu notion  of  the  broadband 
energy.  Then  this  la  the  oaae  the  speotrun  details  are  unfortunately  lost  since  the  filter  bandwidth  is 
very  wide.  It  is  necessary,  therefore,  to  seleot  a  filter  bandwidth  whioh  gives  a  fairly  acoumte  measure 
of  the  broadband  energy,  while  at  the  same  time,  allowing  the  spaotrua  characteristics  to  be  obtained. 

2or  this  particular  investigation  it  was  found  that  a  20Hs  bandwidth  filter  sms  suitable. 

typioal  20Hi  bandwidth  results  are  shown  in  figure  3.  A  study  of  these  results  suggests 
that, although  there  is  sane  indioation  of  a  'hump'  or  peak,  the  well  defined  peak  referred  to  by  other 
Investigators  seems  to  be  largely  a  result  at  the  analysis  methods  used.  Sinoe  there  were  no  well  defined 
0 ha raot erlstios,  it  was  neoessaiy  to  establish  an  "analysis  modal"  before  meaningful  results  oould  be 
btained.  A  review  of  tbs  results  indicated  that  the  method  shown  in  figure  4  mas  appropriate.  This  is 
cased  on  a  log  frequency  scale  and  the  SPL  variation  has  a  'flat'  portion  and  a  constant  dB/ootave 
'fall-off'  portion  with  the  latter  extending  over  a  range  of  two  ootaves.  There  is  some  indioation  of  a 
fall-off  in  level  at  loo  frequencies,  but  it  is  not  possible  to  define  the  nature  of  this  sinoe  the  noise 
appears  to  fluotuate  considerably  with  time  and  to  be  a  combination  of  amplitude  varying  disorete 
frequency  noise  and  broadband  noise.  It  is  impossible  to  determine  the  centre  frequency  of  the  broadband 
noise  "flat"  and  thus  ths  "breakpoint"  shown  in  figure  4  is  of  interest  sinoe  it  allows  the  frequency 
dependency  of  this  noise  to  be  studied, 

A  oompnrlaon  of  the  analysis  model,  with  the  results  reproduoed  in  figure  3  shows  that  this 
model  is  a  fair  representation  of  the  speotrun  over  the  oomplete  frequency  range  of  interest. 

6.2.  Variation  with  thrust 

typical  results  for  the  low  frequenoy  broadband  noise  are  shown  in  figure  5.  The  'flat'  sound 
pressure  level  (see  figure  4)  is  plotted  as  a  function  of  total  blade  thrust  for  the  high  and  low  tip 
speed  oooditions.  Results  presented  are  for  mlorophonsi  27  and  B4  whioh  are  11.5°  and  75°  below  the  rotor 
diso  plane  respectively,  it  will  be  noted  that  "thrust"  is  presented  on  a  log  base  and  that  the  sero 
thrust  results  have  been  added  for  completeness .  These  results  show  that  the  noise  exhibits  two  trends, 
one  whioh  decreases  slightly  with  thrust  and  the  other  whioh  inoreases  at  a  rate  of  approximately  T  .  It 
will  be  observed  that  the  "change-over  point*  is  dependent  on  blade  tip  speed  and  the  angle  relative  to 
the  rotor  diso  plane.  The  T *  law  is  the  one  whioh  is  usually  assooiated  with  broadband  noise  (3,4),  but 
toJlate  there  does  not  appear  to  be  aiy  theoretioal  explanation  for  the  decrease  in  SPL  whioh  follows  a 
T'*  law  as  thrust  is  initially  inoreassd  from  sero. 
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It  <u  thought  that  the  increase  in  levels  at  high  thruat  may  hart  baan  influenced  bgr 
rotational  nolao  components,  but  detailed  narrowband  analysis  oonflraad  that  tha  lavala  measured  art  thoaa 
aaaooiatad  with  broadband  noia a.  If  a  aingla  lina  had  to  ba  drawn  through  tha  experimental  polnta  than 
anor  law  fraa  T°  to  Tz  oould  have  baan  obtalnad.  Thia  ia  tha  uaual  approach  and  oould  explain  a  oca  of  tha 
diaorapanoiaa  whioh  axiat  batwaan  tha  raaulta  of  different  investigations.  It  la  alao  of  interaat  to  note 
that  thaaa  raaulta  ahow  very  alallar  trends  to  tha  ganaraliaed  raaulta  oeapilad  by  lidnall  (5),  but  in  thia 
oaaa  a  ourre  waa  used  instead  of  the  'two  law'  approaoh  shown  in  figure  5. 

6.3.  Variation  with  wolooltr 

Tha  variation  of  tha  'flat*  SFL  with  velooity,  at  oonatant  thruat,  ia  ahown  in  figure  6.  It 
will  ba  observed  that  tha  trends  are  laaa  preoiae  than  thoaa  aaaooiatad  with  tha  thruat  variations.  Near 
tha  rotor  plana  (aioropbona  B4)  tha  noise  follows  a  V®  law  at  low  thruat.  At  high  thrust  tha  increase  in 
level  is  lass,  except  at  high  tip  speeds  whan  it  again  appears  to  follow  a  V®  law.  Below  the  rotor  diao 
tha  variation  of  SPL  with  tip  spaed  la  nearer  to  a  V°  law.  Thaaa  values  are  contrary  to  the  results  of 
other  investigators  who  have  suggested  that  when  thrust  is  held  oonatant  broad  hand  nolle  varies  as 
v2(5,4)  or  V2.7(6). 

6.4.  FrecManov  oharmoterlstlos 

As  explained  previously  it  is  not  possible  to  detaot  a  "peak"  or  looate  a  oentre  frequency  of 
the  "flat"  SFL.  In  an  attenpt  to  ovaroooa  thia  liaitation  the  "break  point  frequency"  (fig. 4)  has  been 
plotted  as  a  fu notion  of  rotor  speed  aa  indicated  on  fig.  7.  Near  the  rotor  plane  the  frequency  of  the 
'break  point*  is  for  all  praotioal  purposes  independent  of  rotor  apead  and  thrust.  Below  the  rotor 
there  appears,  however,  to  be  soae  difference  between  tha  high  thrust  and  low  thrust  conditions.  Aa  shown 
on  the  figure  the  variation  of  "break  point"  frequency  la  acre  pronounced  with  rotor  speed  at  high  thrust 
than  at  low  thrust.  It  is  uaual  to  assume  that  the  broadband  noiae  centre  frequency  ia  given  fay  a  Strouhal 
Number  relationship  which  is  diraotly  proportional  to  the  blade  tip  speed.  Although  this  relationship 
seeas  to  give  the  approximate  frequency  at  whioh  the  maxlaua  broadband  energy  occurs,  the  variations  in 
"break  point"  frequency  are  independent  of  tip  spaed,  axoept  under  the  rotor  at  high  thruat.  This  aspaot 
obviously  needs  farther  examination  ainoe  Wilkes  (7)  alio  found  that  the  broadband  noiae  "peak"  was 
insensitive  to  tip  speed. 

6.5.  Dlreotlvltv 

The  dlreotivlty  oharaoterlatios  of  the  low  frequency  broadband  noiae  for  the  conditions  at  tha 
upper  and  lower  limits  of  the  thrust  and  tip  spaed  ranges  are  shown  in  figure  8.  In  addition  to  the  'flat' 
SFL  derived  fraa  the  20Hs  analysis,  the  figure  alao  a  hows  'peak'  $  octave  band,  dBA  and  OaSPL  (dB.LIN) 
values.  The  'peak'  3  ootave  band  is  typically  the  315H>  hand  and  is  essentially  a  measure  of  low 
frequency  broadband  noise  combined  with  rotational  noiae. 

The  results  ahow  tha  general  dipole  (figure  of  eight)  shape  with  tha  minimum  noiae  on  tha  rotor 
diao  plana.  A  "dip"  in  tha  SFL  occurs  directly  below  the  rotor  at  high  blade  loadli^.  This  "dip"  of  about 
5dB  is  for  all  praotioal  purposes  independent  of  the  blade  tip  speed.  The  possibility  that  this  "dip" 
is  a  result  of  cancellation  effeots  direotly  above  the  rotor  baa  been  investigated  and  detailed  analysis 
suggests  that  this  ia  not  tha  causa. 

The  dlreotivlty  pattern  and  the  absolute  levels  agree  fairly  well  with  those  proposed  by 
Davidson  4  Hargest  (4)  at  high  thrust/high  tip  speed  conditions  except  in  tha  rotor  diao  plane  where  the 

predicted  value  ia  aero,  and  under  tha  rotor  where  a  "dip"  occurs  in  tha  measured  levels.  The  shapes 

developed  from  theoretical  considerations  by  Xorfay  4  Tanna  (6)  also  agree  well  with  thoaa  shown  in 
figure  8. 

7.  HIGH  TRBQUSJCY  BROADBAND  NOISS 

7.1.  A«yijf}a  Fryoffor* 

for  the  study  of  the  high  frequency  broadband  noise,  20Hs  bandwidth  analysis  (figure  2)  and 
lOOHs  bandwidth  analysis  (figure  3)  were  used.  Sxoept  for  inoreased  spectral  details  obtained  with  a  20Hs 
bandwidth  filter  there  appeared  to  be  little  advantage  in  using  this  filter,  so  in  order  to  reduce  tha 
analysis  time  the  main  (aphasia  was  placed  on  lOOHs  bandwidth  analysis.  In  this  context  it  should  ba  noted 
that  when  analysis  high  frequencies,  a  lOOHs  filter  is  essentially  a  narrowband  filter.  From  traces  of 

the  type  illustrated  in  figure  3,  the  'hump'  SFL  and  'hump'  frequency  ware  determ  load. 

7.2.  Variation  with  thrust 

The  variation  of  the  high  frequency  broadband  noise  'hump'  SFL  with  thrust  +  too  tip  speeds 
at  two  aiorophone  locations  is  shown  in  figure  9.  The  thrust  is  plotted  on  a  log-sea''  and,  as  in  the 
case  of  the  low  frequency  broadband  noise,  the  sero  thrust  value  is  also  shown.  It  will  be  observed  that 
over  the  ocnplate  test  range  the  SFL  decreases  with  increasing  thrust  and  follows  a  similar  slope  to  the 
"initial  portion"  of  the  low  frequency  broadband  noise  results  illustrated  in  figure  5.  There  is  at  the 
present  time  no  explanation  for  this  oharacterlstio,  which  corresponds  approximately  to  a  T**'*  variation. 

7.3.  Variation  with  velocity 

The  velocity  dependency  of  the  high  frequency  broadband  'hump*  is  shown  in  figure  10  for  a 
range  of  thrust  conditions  at  two  mlorophcne  locations.  Sxoept  for  the  140RFV  oase  recorded  at  microphone 
B4,  the  SPL  values  at  both  microphone  positions  follow  very  closely  a  V*  law. 
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The  frsquenoit*  of  the  high  frequency  broadband  noiee  'hump'  have  been  plotted  againet  rotor 
•peed  aa  shown  in  figure  11,  At  B4  (75°  below  the  rotor  dieo)  the  frequency  ft.  ie  independent  of 
thruet  and  dirwotly  related  to  the  tip  speed,  Vy,  by  the  relationship  fH  =  6.5*j  He.  This  "line"  has 
been  superimposed  on  the  results  for  77  (11. 5°  below  rotor  dieo)  and  ae  oan  be  seen  the  scatter  Is 
greater  than  at  B4  and  the  'saro  thrust  results'  are  all  to  one  side  of  tbs  oean.  These  results  show 
that  the  'huap'  frequency  is  dlreotly  related  to  the  tip  speed  and  thus  it  oan  bs  o on# id e red  to  be 
dependent  on  a  Strouhal  type  relationship  on  similar  lines  to  that  often  quoted  for  low  frequency 
broadband  noise.  In  this  ease,  howaver,  the  "peak  frequency"  is  approximately  10  times  higher  than  that 
associated  with  the  low  frequency  broadband  noise. 

7.5.  Direotivity 

The  direotivity  oharaoteristios  for  the  high  freqMency  broadband  'hump'  are  shown  in  figure  12 
for  four  test  oonditions.  This  noise  source  takes  on  a  completely  different  form  to  that  of  the  low 
frequency  broadband  noise  shown  in  figure  8.  It  appears  that  in  this  ease  the  direotivity  pattern. is 
comprised  of  two  lobes  whioh  are  oentred  on  the  rotor  diso  plane  and  rotor  axis  respectively.  As 
indicated  on  figure  12  the  'minimum  level'  occurs  at  an  argle  of  about  30°  from  the  rotor  diso  and 
although  the  levels  vary  with  conditions  ths  general  shape  remains  constant. 

8.  ROTATIONAL  NOISS 

8.1.  Analysis  procedure 

Rotational  noise  is  analysed  using  either  1.5Hs,  2Hs  or  1J(  bandwidth  analysers  and  a  typical 
series  of  results  obtained  using  a  2Hs  bandwidth  filter  la  shown  in  figure  2.  These  results  wars 
obtained  using  a  Spectral  fynamics  Analogue  Analyser  and  although  in  the  example  shown  the  filter 
bandwidth  is  changed  at  200Hs,  the  normal  procedure  is  to  analyse  using  ths  2Hx  filter  up  to  500Hi  when 
studying  rotational  noise.  Ths  results  shown  in  figure  2  were  derived  from  Nagra  tap#  recordings  whioh 
effectively  have  a  lower  frequency  ’out-off'  at  20Hs.  Thus  study  of  the  fundamental  and  low  frequenoy 
harmonios  ia  precluded.  Use  of  the  PR  tape  reoordsrs  and  low  frequenoy  miorophonea  712  and  f13  (figure  1) 
mean  that  recordings  are  availaole  with  low  f.  aquency  limits  of  2H*  but  to  date  the  main  emphasis  haa  been 
placed  on  the  Nagra  tape  recordings. 

The  rotational  noisa  study  is  at  present  in  its  preliminaiy  stages  and  since  the  results  are 
based  on  only  a  limited  rumber  at  analyaea  they  must  bs  taken  as  tentative.  The  initial  nature  of  this 
rotational  noise  study  has  preoluded  any  investigation  of  the  variation  of  the  harmonic  noise  levela  with 
thrust  or  velooity. 

8.2.  Harmonlo  content 

The  traces  in  figure  2  obtained  from  microphone  77  (11.5°  below  the  rotor  diso)  show  a 
rotational  noise  harmonlo  content  which  ia  repreaentative  of  all  positions  between  77  and  B3  (11.5°  to 
60°).  In  the  rotor  dlao  plane  (79)  and  at  angles  greater  than  75°  to  rotor  diso,  the  hanaonios  are 
less  wall  defined  even  at  high  thrust/high  tip  speed  conditions.  As  oan  be  seen  from  figure  2  the 
rotational  noise  apeotium  shows  considerable  variation  with  operating  oonditions  and  the  soatter  of 
individual  harmonica  about  a  "mean"  ia  relatively  large.  The  general  "fall-off”  is,  however,  small  and 
on  average  the  "mean"  decay  rata  ia  between  0.5dB  and  tdB  per  harmonlo  for  the  first  10  or  so  hazmonios. 

An  axoeption  to  this  is  at  miorophone  79  (in  the  rotor  diso  plane)  where  thero  is  typioally  a  15dB 
difference  in  level  between  the  3rd  and  9th  harmonlo.  Above  the  10th  harmonlo, however,  they  tend  to 
"flatten  out”  and  the  epeotnim  takes  on  a  font  similar  to  those  at  other  locations.  It  was  originally 
thought  that  rotational  noisa  deoayed  rapidly  in  amplitude  above  the  15th  to  20th  harmonic  and  that 
for  all  practical  purposes  higher  frequenoy  harmonics  were  non-existent.  Narrowband  analysis  baa  shown, 
however,  that  over  50  blade  passing  harmonics  oan  often  be  deteoted.  The  second  and  bottom  traces  on 
figure  2  represent  suob  oonditions  and  although  this  presentation  is  not  suited  to  a  study  of  rotational 
noise,  harmonioa  in  the  region  of  WOOHi  oan  be  seen.  It  is  olsar  therefore,  even  from  this  initial 
analysis  that  the  rapid  "ftll-off"  in  ths  level  of  harmonios  with  increasing  frequenoy  suggested  by 
some  investigators  is  inoorreot, 

8.3.  Directivity 

Aa  mentioned  previously  there  is  a  large  soatter  about  a  mean  and  thus  directivity  plots  of 
individual  harmonios  fail  to  reveal  ary  olear  trend.  To  overcome  this  difficulty  the  measurements  have 
been  averaged  over  suooeasive  bands  of  harmonios  to  give  the  results  shown  in  figure  13.  At  the 
miorophonea  near  the  rotor  diso  plane,  ground  reflection  effeots  oombined  with  the  random  nature  of  the 
rotational  noise  'peaks'  has  prevented  sjy  meaningful  results  being  obtained  at  low  liftAo*  tip  speed 
oonditions. 

At  angles  of  30°  and  greater,  the  direotivity  oharaoteristios  are  very  similar  to  thoaa  of  ths 
low  frequenoy  broadband  noise  given  in  figure  6.  Again  there  is  •  "dip"  under  the  rotor  at  high  thrust; 
this  is  independent  of  tip  speed  end  disappears  at  low  thrust.  In  the  rotor  diso  plans  ths  lower 
frequency  harmonies  exhibit  maximum  levels,  while  ths  high  harmonies  take  on  a  distribution  very  similar 
to  tha  broadband  noise. 

These  results  have  been  compared  to  the  Lowson  A  Ollerhead  method  (9)  and  a  semi-empirioal 
approaoh  developed  by  the  author.  The  former  method  prediots  quite  wall  the  direotivity  pattern,  but 
vastly  underestimates  the  important  higher  harmonics.  Ths  ssmi-empirioal  solution,  whioh  is  not  intended 
to  take  into  aocount  any  angular  variations,  prediots  fairly  aoouratsly  ths  high  order  harmonios,  while 
at  the  same  time  over  estimating  slightly  the  lower  frequency  harmonios. 
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9.  OVERALL  NOISE 

9.1.  Analysis  procedure 

The  overall  oharaoteristlos  here  been  studied  in  terse  of  QASPL  (dB.LIN)  end  dBA  measurements. 
The  majority  of  the  analysis  to  dete  bee  been  made  froo  1 DIRECT-AM'  (Nagra)  tape  recording*  »o  the 
effeotivs  frequency  range  is  20Ht  to  17kHs.  Thus  the  fundamental  note  and  the  first  fee  blade  passing 
harmonios,  ehioh  occur  at  frequencies  below  20Hs,  have  been  excluded.  A  comparison  of  a  seleotion  of 
these  results  with  those  obtained  froo  the  FK  tape  recordings  -  frequency  range  2Hs  to  20kHs  -  has  shown, 
however,  that  the  error  on  QASPL  is  for  all  praotieal  purposes  sero. 

The  overall  noise  level  is  dependent  on  the  relative  magnitude  of  the  three  individual  sou roes 
and  thus  the  most  dominant  souroe  controls  the  overall  oharaoteristlos.  Although  it  is  axpeoted  that  the 
trends  associated  with  the  individual  souross  are  similar  on  all  rotors,  it  is  thought  that  the  relative 
asiplltude  of  each  souroe  is  a  function  of  the  particular  blade  configuration  under  investigation.  Thus  the 
overall  noise  oharaoteristlos  are  most  likely  only  applioable  to  thi  rotor  under  consideration. 

9.2.  Variation  with  thrust 

The  overall  noise  SPL  follows  the  same  general  pattern  as  that  shown  for  the  low  frequency 
broadband  noise  in  figure  5,  with  the  SPL  being  on  average  15dS  higher  than  those  for  the  'flat'  SPL. 

Thus  as  in  the  care  of  the  low  frequency  broadband  noise  there  is  initially  a  decrease  in  level  as  the 
thrust  is  increased  from  sero.  Eventually  a  "ohangeover  condition"  is  reached,  whioh  is  a  function  of  tip 
speed  and  angle  to  the  rotor  diso  plane,  when  the  QASPL  inoreases  with  increasing  thrust.  The  thrust  law 
of  this  latter  portion  varies  between  the  T2  associated  with  the  low  frequency  broadband  noise  (figure  5) 
and  t3  depending  on  the  test  condition  and  measuring  location.  It  is  thought  that  this  more  rapid  T3 
variation  of  SPL  with  thrust  is  due  to  the  influenoe  of  rotational  noise,  particularly  since  it  occurs  at 
high  thrust/high  tip  speed,  but  this  aspeot  has  not  been  investigated  in  detail.  These  results  do,  however, 
indicate  that  the  general  overall  prediotion  formulae  whioh  are  based  on  ?  or  T2  oan  lead  to  significant 
errors  (9,4). 

9.3.  Variation  with  velooitv 

Again  the  characteristics  are  very  similar  to  those  of  the  low  frequency  broadband  noise  shown 
in  figure  6  with  the  generalised  laws  for  the  QASPL  being  in  order  of  V°  at  B4  (75°  below  the  rotor  diso) 
and  V°  at  F7  (11.5°  below  the  rotor  diao).  These  reeults  differ  from  the  normally  accepted  formulae  for 
estimating  Overall  rotor  noise  levels,  whioh  have  velocity  dependencies  varying  from  V2  to  V  . 

9.4.  Dlreotivlty 

The  QASPL  and  dBA  direetivity  oharmoteristioa  are  shown  on  figure  8.  It  will  bw  observed  that 
in  general  the  pattern  follows  oloaely  that  of  the  low  frequency  broadband  noise  also  shown  on  figure  8. 

At  low  speed/zero  lift  oondition  there  is  an  increase  in  noiss  at  an  angle  of  27°  from  the  rotor  diso  whioh 
is  due  to  the  rise  in  the  rotational  noise  harmonios  whioh  oocur  in  the  low  frequency  broadband  noise 
region.  At  high  lift  (3050  lba)/low  speed  the  overall  noiae  exhibits  a  maximum  at  about  60°  to  the  rotor 
diao;  it  ia  not  olear  why  this  occurs  but  it  appears  to  be  associated  with  high  level  low  order  rotational 
noiae.  It  sill  be  noted  that  although  the  'flat  SPL'  is  unaffeoted  by  this  noise,  the  'peak'  i  ootavs 
band  and  the  QASPL  exhibit  a  similar  trend.  The  dBA  value,  whioh  ia  relatively  insensitive  to  low 
frequency  noiae,  smooths  out  this  effect  and  follow#  more  olosely  the  'flat'  SPL. 

Near  the  rotor  diso  plana  there  is  a  departure  of  the  QASPL,  and  to  some  extent  the  dBA  valuea, 
from  the  low  frequency  broadband  oharaoteristlos.  This  ia  due  to  the  influenoe  of  the  low  frequency 
rotational  noise  whioh  is  relatively  high  in  magnitude,  particularly  at  high  tip  speeds,  as  indicated  in 
figure  13.  It  will  also  be  observed  that  the  "dip"  under  the  !~tor  is  present  at  high  thrust  snd  that  tbs 
high  frequency  broadband  noise  direotivity  oharaoterlstlo  (figure  12)  has  no  effeot  on  that  of  the  QASPL. 

10.  THE  IMHJLSIVE  NATURE  OF  ROTOR  NOISE 

The  sound  of  a  main  rotor  ia  impulsive  even  when  blade  slap  is  non-existent,  but  the  extent 
of  this  has  rarely  been  established.  The  harmonic  oontent  of  a  narrowband  analysis  is  indicative  of  the 
impulsiveness  of  the  time  history  of  the  signal,  since  the  more  harmonios  the  "sharper"  the  Impulse.  It 
le,  however,  extremely  difficult  from  a  narrowband  analysis  presentation  to  judge  the  true  impulsive  nature 
of  the  signal.  One  method  of  rating  the  impulsive  oontent  le  the  difference  between  the  "peak"  pressure 
level  in  dB  and  the  RkS  overall  sound  pressure  level. 

Seme  representative  time  histories,  reoorded  at  miorophone  F7  (11.5°  below  the  rotor  diso)  are 
shown  in  figure  14.  For  the  four  conditions  shown  the  'peak'-to-RXS  values  are,  from  top  to  bottom  traces, 
13dB,  22dB,  20dB  and  22dB  respectively.  These  results  support  the  observation  made  previously  that  ohanges 
in  tip  speed  have  a  greater  influenoe  on  the  noise  than  changes  in  thrust.  These  reeults  are  also  of 
interest  since  they  are  higher  than  similar  results  obtained  from  recordings  made  at  the  same  position  for 
a  rotor  operating  in  the  conventional  manner  and  subjeoted  to  flow  recirculation  effects  (10).  This  aspeot 
has  not  been  studied  in  detail,  but  it  would  appear  that  the  broadband  noise  whioh  has  a  major  influenoe  on 
the  QASFL  ie  significantly  lower  on  the  "dean"  rotor,  while  the  'peak*  levels  are  only  a  few  dB  lower. 

The  eubjeotive  impression  of  impulsive  noise  is  dependent  on  the  'sharpness'  or  rate  of 
pressure  rise,  as  woll  as  the  'peak'-to-RNS  value.  Thus  although  time  histories  of  the  type  shown  in 
flgiTw  14  os,  be  used  to  give  wn  infl  axiai  at  ite  sitbieclt  re  Upre*  id  areJlafclw  retina  fet  ratify 

the  noise  are  not  really  adequate  since  they  do  not  give  a  measure  of  loudness  or  annoyance. 


405 


11.  CONCLUDING  ROARKS 


The  results  presented  in  thla  paper  ware  derived  from  the  analyele  of  several  different  aeriea 
of  teata  whioh  were  carried  cut  over  a  period  of  18  months,  Eaoh  particular  teat  aeriea  waa  forraulaed  ao 
that  one  apeoifio  aapeot,  for  inatanoe  the  variation  of  noiae  levela  with  thruat.  oould  be  atudied  in 
iaolatlon.  To  allow  a  comparison  to  ba  made  between  the  varioua  aeriea  of  teata  a  number  of  identioal 
oonditiona  were  inoluded  in  eaoh  of  the  individual  teat  programmes.  The  magnitude  of  the  aoatter  between 
reeulta  obtained  from  nominally  the  aame  oonditiona  haa  not  been  fully  eatabllshed,  but  it  would  appear 
to  be  in  the  order  of  $  2dB.  Thus  the  values  given  on  the  varioua  figures  for  the  same  teat  oondition 
can  differ  by  •  few  dfl. 

The  preliminary  investigations  reported  in  this  paper  have  shown  that  rotor  noise  oontaina, 
from  an  experimental  point  of  view.three  distinot  and  well  defined  eouroes.  These  are  rotational  or 
discrete  frequency  noise,  low  frequency  broadband  noiae  and  high  frequency  broadband  noiae.  The  reaulte 
also  illustrate  that  the  overall  noiae  oharaoteristioa  are  dependent  on  the  relative  magnitude  of  these 
three  noise  souroea.  It  is  also  dear  from  this  atudy  that  many  of  the  aooepted  theoretical  and  semi- 
empirioal  models  aa  well  as  the  prediction  methods  relating  to  broadband  and  overall  rotor  aoiea  are 
suapeot.  It  is  hoped  that  the  next  stage  of  the  analysis  will  clarity  this  situation  and  allow,  at  least, 
aoourate  empirioal  formulas  for  eaoh  source  to  be  derived.  In  addition  to  the  velocity,  thruat  and  blade 
dependencies  the  aim  is  to  establish  the  direetivity  faotore  for  eaoh  aouroe, 
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Ho.  Of  (N) 
Radius  Ik) 
Chord  (o) 
Atm  (NoR) 
Sootion 
Twist 


27.85ft. 

I6.41aa. 

76.2ft2 


8.5* 

416.  S». 
7.oa«2 


TAKLl  0  -  TEST  PROGRAMME 


TABLE  2.1  -  TEST  CONDITIONS 


I 


RPH 

140 

0 

0 

700 

0.046 

675 

1125 

0.075 

■  ttSP 
0.096 

1850 

0.123 

2375 

3Q5Q- 

3900 

5000 

160 

0 

0.036 

0.045 

0.057 

0.074 

0.094 

0.121 

0.155 

0.20* 

180 

0 

0.028 

0.047 

0.077 

0.095 

0.126 

205 

0 

0.022 

0.027 

0.035 

0.045 

0.057 

0.074 

0.094 

0.121 

0.154 

230 

0 

0.017 

0.028 

0.046 

0.075 

0.096 

0.123 

260 

0 

0.014 

0.017 

0.022 

0.028 

0.036 

0.046 

0.059 

0.075 

0.096 

jCI* 

)  VALUES 


(♦  THURST  AVAILABLE  UNITED  TO  3650/3700  lbs) 


T  *  - — t;  —  —  whsrw:  C_  ■  thrust  oooffioiont,  S  ■  rotor  solidity  «  NoR  ?  T  ■  Total  Thrust 
r  *  V  /oNoR  £"R 

1  p  >  dsMlty  of  air,  VT  =  tip  ipasd,  N  =  No.  of  Bladss,  o  ■  Blada  onord,  R  »  Bladt  Radius 


Nots:  Naan  Lift  Cooffioisnt  CL  .  J 


_ ROTOR  3P&3)  -  RPM _ 

_  140  4  60  l5o  I  205  I  230  36o~ 

+T-  .!  “TO 

UfT  COUPON ENTS  55  71  90  117  147  188 

_ lb*. _ _J _ _ 


TABLE  2.3  -  ROTOR  SPEEDS 


ROTOR  RPN 

- 

EACH  NO. 

140 

408 

124.5 

160 

466 

142 

180 

525 

160 

0.47 

205 

598 

182 

0.54 

230 

670 

204 

0.60 

260 

758 

231 

0.68 

■i  o  '7i ,  -hi  ■  1  r\  o  •  *71  o  i;  e 

WVffZXJM  WTV/ZXM  UTOTtJi  WTIfiXM  I 


0 

0 

0 

0 

2.86 

14.0 

9.2 

45.0 

3.57 

17.45 

11.5 

56.15 

4.6 

22.5 

14.75 

72.1 

5.93 

29.0 

19.0 

92.95 

7.56 

37.0 

24.25 

118.5 

9.7 

47.4 

31.1 

152.0 

12.45 

60.8 

40.0 

195.5 

15.92 

76.9 

51.1 

250.0 

20.4 

99.9 

65.55 

320.5 

BROADBAND  NOISS  SI 


(S.55) 
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APPENDIX  A 


DISCUSSIONS 


.  .  mm  feMnwwyymenlatio?.  af.pgnftrs.at  the  . 
Meeting  reported  in  these  Conference  Proceedings. 


This  report  has  been  transcribed  from  forms  completed  by  the  questioners  and  authors  during  discussion.  Although 
almost  complete,  it  has  not  been  possible  to  include  quite  all  the  discussion.  We  apologise  to  speakers  whose 
contribution  is  not  recorded. 
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Discussion  of  Paper  1 

“Rotor  wakes  -  Key  to  Performance  Prediction” 
presented  by  M.C.Cheney 


A- 1 


Dr  Stepniewski:  What  is  the  influence  of  compressibility  (tip  Mach  number)  on  the  structure  of  the  wake 

performance  of  the  rotor? 

Mr  Cheney:  For  model  scale  tests  at  M  =  0.6  (and  lower)  no  important  influence  of  Mach  number  on  wake 

structure  was  observed.  Effect  of  tip  speed  on  performance  for  values  tested  are  generally  of  secondary  importance 

although  specific  data  can  be  obtained  from  USAAMRDL  Tech. Rep  71-24. 

Mr  Drees:  This  was  a  very  good  survey  of  state  of  the  art  experience.  I  have  three  comments 

1.  By  including  wake  instabilities  of  hovering  wake  and  assuming  vortex  decay,  the  induced  velocity  is  calculated 
low,  thus  making  correlation  with  flight  tests  worse  than  with  use  of  momentum  theory. 

2.  At  high  tip  Mach  numbers  schlieren  tests  indicate  that  tip  vortex  is  eliminated  altogether. 

3.  We  agree  that  vortex  interference  with  2  bladed  rotors  is  minimal,  and  momentum  theory  holds  quite  well. 

Mr  Cheney:  Replies  to  your  comments  are  as  follows 

1 .  Our  initial  results  indicate  vortex  decay  and  instabilities  occur  sufficiently  below  the  rotors  as  not  to  seriously 
effect  the  aerodynamics  at  the  blades. 

2.  We  have  not  tested  at  Mach  numbers  above  about  0.6  and  therefore  cannot  verify  or  dispute  this  comment. 

3.  Vortex  interference  may  not  be  minimal  if  blade  chords  of  two-bladed  rotors  become  very  high  (so  as  to  give 
total  blade  areas  equivalent  to  those  of  6  bladed  rotors). 

Mr  Kretz: 

1.  The  tests  have  been  done  on  small  models  and  full-size  rotors:  what  scale  effect  exists  between  these  results? 
What  is  the  Reynolds  -  Number  influence  and  more  generally,  what  are  the  similarity  conditions? 

2.  The  transients  such  as  flares,  constitute  important  load  conditions.  Do  you  intend  to  study  and  analyse  them? 

Mr  Cheney: 

1 .  Controlled  flow  visualization  tests  have  not  been  conducted  full  scale  at  UAC.  Wake  geometry  results  obtained 
from  models  (at  full  scale  tip  speeds  but  at  much  reduced  Reynolds  numbers)  and  used  to  predict  full  scale 
performance  give  good  results.  Reynolds  number  effects  at  low  values  are  not  significant  however;  details  can 
be  obtained  from  USAAMRDL  Tech.Rep.  71-24. 

2.  Such  studies  are  planned  and  initial  work  is  underway  to  determine  the  effect  of  ambient  winds  on  wake/rotor 
interaction. 


Discussion  of  Paper  2 

“An  Actuator  Disc  Theory  for  Rotor  Wake  Induced  Velocities” 
presented  by  R.A.Ormiston 


Mr  Fradenburgh:  The  paper  presents  examples  for  constant  radial  circulation  strength.  The  usual  case  for  a  heli¬ 
copter  is  non-constant  radial  circulation.  Would  author  comment  on  difficulty  of  incorporating  this  in  theory  for 
reasonably  accurate  determination  of  induced  velocities? 

A  second  comment  is  that,  for  a  rotor  that  is  laterally  balanced  (zero  rolling  moment),  the  angular  momentum 
of  the  downwash  about  the  longitudinal  axis  must  also  be  zero.  Does  the  method  described  give  this  result  automatic¬ 
ally  for  zero  rolling  moment  cases? 

Mr  Ormiaton:  The  method  described  is  intended  to  treat  the  general  case  of  both  radial  and  azimuthal  variations  of 
the  bound  circulation,  although  numerical  examples  are  given  only  for  the  uniform  circulation  distribution.  In  the 
general  case,  the  circulation  would  be  expressed  as  a  double  Fourier  series  in  two  variables,  radius  and  azimuth,  where 
the  radial  harmonics  of  loading  would  be  analogous  to  the  spanwise  loading  harmonics  of  classical  fixed-wing 
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lifting-line  theory.  The  harmonic  balance  solution  would  proceed  as  outlined,  although  additional  loading  coefficients 
due  to  the  radial  harmonics  of  circulation  would  be  obtained.  With  an  appropriate  choice  of  radial  loading  functions, 
(satisfying  the  zero  loading  boundary  condition  at  the  rotor  center  and  perimeter)  as  few  as  two  radial  harmonics 
should  be  adequate.  Although  this  would  double  the  number  of  unknown  circulation  coefficients,  this  is  acceptable 
because  the  computations  involve  only  simultaneous  algebraic  equations. 

If  the  wake  vorticity  is  complete  and  consistent  with  the  bound  circulation  distribution,  then  the  rolling  moment 
of  the  rotor  must  be  equal  to  the  rate  of  increase  of  angular  momentum  (about  an  axis  in  the  direction  of  flight)  in 
the  wake.  For  the  example  of  uniform  circulation  distribution  shown,  a  rolling  moment  exists  which  is  consistent 
with  the  induced  velocity  obtained  from  superposition  of  the  vorticity  components  7/  and  yt  .  For  a  zero  rolling 
moment  circulation  distribution  the  angular  momentum  would  be  zero. 

Mr  Ettore:  According  to  the  Biot  -  Savart  law,  when  the  distance  from  the  vortex  approaches  zero,  the  induced 
velocity  tends  to  infinity.  How  did  you  account  for  that9  Did  you  limit  the  (maximum  allowable)  induced  velocity? 

If  yes,  what  is  that  limit  value? 

Mr  Ormiston:  One  of  the  reasons  for  using  the  actuator  disc  formulation  is  that  the  circulation  loading  distribution, 
and  the  tfiriHng  and  shed  wake  lorticity  arc  ail  continuous  fimctkya  Thus  Jtfikuliic*  associated  with  sfe^utcritlo 
of  finite  strength  vortices  are  avoided.  Other  methods  using  finite  vortex  element  wake  representations  often  do 
require  arbitrary  limitations  on  maximum  induced  velocity  near  vortex  elements.  (The  root  vortex  and  infinite 
perimeter  velocities  in  the  numerical  example  are  only  due  to  the  uniform  bound  circulation  distribution,  which 
cannot  exist  physically  since  the  loading  must  vanish  at  the  rotor  center  and  perimeter.  Practical  results  must  be 
based  on  valid  loading  distributions). 

Dr  Jones:  1  should  tike  to  ask  in  which  way  the  method  you  describe  is  different  to  that  of  Mangier?  1  understand 
that  you  have  extended  the  analysis  to  include  blade  motion  etc.  but  the  idea  of  using  an  actuator  disk  with 
prescribed  loading  distributions  is  the  same. 

Mr  Ormiston:  The  idea  of  obtaining  rotor  downwash  distributions  (called  downwash  influence  functions  in  the  paper) 
a_TTe*pu'«i1ii4  to  specified  baJi\g  dntrihutLr.i  farm  uUitakr  disc  it  no  I  d/fferut  fructi  Man^kr’i  theurj.  The 
present  paper,  however,  addresses  the  general  problem  which  requires  a  consistent  solution  for  rotor  circulation,  blade 
motion,  and  rotor  downwash  by  simultaneously  solving  the  equations  representing  each  of  these  physical  variables. 

In  this  context,  Mangler’s  theory  represents  a  part  (admittedly  the  most  difficult)  of  the  total  problem. 

A  more  fundamental  difference  exists  however,  and  that  is  the  method  of  obtaining  the  downwash  for  a 
prescribed  loading.  Mangler’s  method  is  based  on  obtaining  solutions  for  a  potential  function  satisfying  Laplace’s 
equation  where  the  specified  pressure  loading  (not  the  circulation  loading)  is  equal  to  the  discontinuity  in  potential 
across  the  disc.  The  induced  velocities  are  then  obtained  by  integrating  the  gradient  of  this  potential  function.  It 
may  be  noted  that  Induced  velocities  associated  with  the  rotor  torque  arc  not  included. 

In  the  present  method  the  wake  vorticity  is  determined  directly  from  the  various  bound  circulation  functions 
according  to  the  Helmholtz  theorem  and  integrated  with  the  Biot-Savart  law  for  the  downwash.  The  induced 
velocity  associated  with  the  rotor  torque  is  not  excluded  since  all  wake  vorticity  elements  are  retained. 

Mr  Williams:  Can  this  method  eventually  be  employed  as  a  set  of  influence  functions  for  various  circulation  distribu¬ 
tions  v  that  if  Tutucci  k  a  dmpk  id  a!  algebraic  uqualirni9  How  much  idJHkmai  uflcrl  will  hr  •■cqnfred  flf »j 

Mr  Ormiston:  Yes,  this  is  the  intent  of  the  present  method.  Before  useful  rotor  calculations  can  be  performed, 
however,  further  downwash  influence  functions  must  be  obtained  for  a  series  of  bound  circulation  distributions, 
although  this  is  relatively  straightforward  as  shown  in  the  paper. 

Mr  Kretz: 

(a)  What  is  the  domain  of  applicability  of  the  method  proposed?  As  far  as  n  ,  M,  etc.  are  concerned. 

(b)  What  is  the  computer  time  for  one  rotor  configuration  analysis? 

(c)  Are  experimental  verifications  feasible  to  verify  the  4  components  mentioned  in  the  paper. 

Mr  Ormiston:  For  the  flat  planar  wake,  the  permissible  advance  ratio  range  would  extend  down  to  about  0.15,  For 
lower  advance  ratios  or  very  high  thrust,  a  skewed  cylindrical  wake  would  be  required  although  correspondingly  more 
influence  functions  would  be  required.  At  very  low  speeds  even  the  skewed  cylindrical  wake  would  be  invalid.  The 
theory  is  entirely  JACompressiWe  but  lot  lypteei  he 5k opt en  and  ever,  speed  sompound  hcUeoptm  this  should 
not  be  a  serious  restriction. 

Computer  time  requirements  will  be  very  low,  since  only  simultaneous  linear  algebraic  equations  need  be  solved. 
This  would  be  practical  even  on  small  computers. 
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Experimental  verification  of  each  of  the  four  downwash  components  would  probably  not  be  possible  because 
they  would  be  superimposed  together  in  an  actual  experiment.  In  principle  it  might  be  possible  to  identify  the 
components  which  have  a  different  functional  dependence  on  advance  ratio  but  this  would  probably  not  be  very 
practical.  Experimental  verification  of  the  theory,  by  direct  downwash  measurement  would  be  very  useful  however. 
The  best  way  would  be  to  compute  the  total  downwash  from  all  loading  distributions  and  compare  directly  with 
time  averaged  measurements  obtained  in  the  rotor  disc  plane.  This  is  a  very  difficult  experimental  problem,  but  it 
may  become  feasible  with  laser  techniques. 

Mr  Drees:  Could  free  wake  effects  be  included? 

Mr  Ormbton:  The  present  theory  is  inherently  based  on  a  prescribed  wake  geometry  which  is  valid  for  certain 
operating  conditions.  It  is  probably  not  practical  to  incorporate  free  wake  effects  without  losing  the  advantages  of 
superposition  of  the  downwash  influence  functions  or  requiring  iterative  calculations  which  are  characteristic  of  all 
existing  finite  vortex  element  free  wake  methods.  However,  a  free  wake  theory  for  an  actuator  disc  with  continuous 
wake  could  be  envisioned  where  the  spatial  position  of  the  wake  would  be  described  analytically  by  a  suitable  infinite 
senes.  Then  it  might  be  possible  to  include  the  wake  position  in  a  ron-iterative  simultaneous  solution  ot  ail  the 
relevant  equations,  i.e.  circulation,  blade  motion,  downwash,  and  wake  position. 

Dr  KQchemann:  Since  the  wake  is  assumed  to  be  planar  and  since  the  treatment  is  quasi-steady,  why  should  it  not 
be  possible  to  consider  blade  elements  as  wings  which  change  their  angle  of  sweep  during  rotation?  In  that  case, 
existing  theories  could  be  used  to  calculate  the  loadings  along  the  blade  as  well  as  along  the  chord.  Wliat  is  the  point 
in  developing  a  new  theory? 

Mr  Ormiston.  tn  essence  there  is  nothing  realty  new  in  this  Theory  because  it  is  simpiy  an  extension  ol  classical 
lifting  line  theory  to  rotary  wings.  The  main  departure  from  previous  work  is  to  extend  the  elementary  actuator 
disc  concept  to  a  general  solution  which  satisfies  all  the  rotor  variables  consistently  and  simultaneously.  However, 
the  initial  assumptions  must  be  made  carefully  in  order  that  the  theoretical  development  can  then  proceed  in  a  fully 
rigorous  manner  without  additional  ad  hoc  approximations.  The  most  fundamental  assumption  is  that  the  infinite 
bladed  actuator  disc  is  required  when  lifting  line  theory  is  used,  Otherwise  the  unsteady  shed  wake  deposited  by 
each  blade  in  a  finite  bladed  rotor  will  induce  downwash  which  is  singular  at  each  lifting  line  and  which  requires  an 
arbitrary  truncation  of  the  sheet  near  the  blade.  A  rigorous  solution  for  a  time  dependent  shed  wake  can  only  be 
obtained  with  an  unsteady  lifting  surface  theory.  With  an  infinite  number  of  blades  this  difficulty  does  not  arise 
because  the  shed  wake  is  continuous  both  in  front  of  and  behind  the  blade. 

Howcavr,  thr  actuator  dtac  atoc  fcnpKm  that  the  unaktdy  (nflwerwei  of  the  ntar  shad  mfcc  are  k*t  beewm  aa 
the  number  of  blades  becomes  infinite,  the  blade  chord  vanishes  in  the  limit  and  the  reduced  frequency  k  also 
vanishes.  Thus  the  complex  Theodorsen  lift  deficiency  function  C(k)  reduces  to  1 .0.  Again  this  is  consistent  with 
simple  lifting-line  theory. 

It  should  be  noted  that  the  term  quasi-steady  takes  on  a  slightly  different  meaning  for  the  actuator  disc  than 
for  fixed  wings.  In  the  latter,  quasi-steady  implies  the  shed  wake  is  entirely  neglected,  but  for  the  rotor  this  is  not 
tnw  Only  4he  unsteady  influenrx  of  the  new  tfwd  wake  to  lott,  but  4hr  hnportw*  downwMh  dfeltfbutfctv  at  tht 
disc  due  to  the  shed  wake  is  retained.  For  the  purposes  of  low  frequency  rotor  response  this  contribution  will  be 
most  significant. 

These  comments  should  help  to  explain  why  the  use  of  existing  fixed  wing  theory  at  various  sweep  angles  would 
at  best  yield  only  an  approximate  solution.  (However,  this  may  be  suitable  for  some  purposes  and  has  been  treated 
by  Willmer  and  Woodley).  For  instance  the  spiral  wake  trajectory  would  not  be  present  nor  would  the  isolated 
w«p<  wings  expartenc*  mutual  self  Induction  unless  this  was  Included.  Also,  einee  the  loedinfe  would  be  Mtne  fwytnfc, 
unsteady  wing  theory  would  be  required. 


Discussion  of  Paper  3 

“The  Structure  of  the  Rotor  Blade  Tip  Vortex” 
presented  by  C.V.Cook 


Mr  Cheney:  The  film  showned  the  tip  vorte  <  traveling  above  the  rotor  before  being  washed  down  stream.  This  is 
somewhat  misleading  and  I  believe  is  caused  by  operating  the  rotor  in  the  inverted  position.  In  so  doing  an  inverse 
ground  effect  is  produced  which  creates  a  ste  idy  velocity  parallel  to  the  ground  moving  inwards  towards  the  hub. 
This  combined  with  the  blade  coning,  produces  the  unconventional  vortex  geometry  shown  in  the  film. 
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Mr  Cook:  Inverting  the  rotor  on  a  whirl  tower  and  making  it  thrust  downward  does  change  the  relative  position  of 
the  tip  vortex  to  the  following  blade  compared  with  the  conventional  rotor  thrusting  upward.  However,  this 
arrangement  was  deliberate  as  it  positioned  the  vortex  below  the  rotor,  making  the  velocity  profile  far  easier  to 
measure.  It  also  produced  a  flow  that  was  far  steadier  than  operation  in  the  conventional  mode.  The  success  of  the 
experiment  relied  on  a  consistent  passage  of  the  tip  vortex  across  the  disc,  operation  in  the  normal  mode  would 
produce  an  unacceptable  amount  of  unsteadiness. 

Mr  Fradenburgh :  The  paper  seems  to  equate  vortex  “age”  with  azimuth  angle  of  the  rotor  blade.  Research 
conducted  by  Sikorsky  Aircraft,  under  NASA  Langley  sponso'ship,  indicated  that  the  absolute  time  in  seconds, 
rather  than  the  number  of  chord  lengths  down  stream,  determines  vortex  tangential  velocity  and  core  size  (Paper 
presented  by  Messrs.  Roske,  Maffitt,  and  Ward  at  AHS  Annual  National  Forum,  May  1972).  Did  the  author  run 
different  rotor  RPM  values  to  distinguish  between  absolute  time  and  blade  azimuth  angle? 

Mr  Cook:  I  agree  that  it  is  the  absolute  time  that  determines  the  decay  of  the  tangential  velocity  and  core  size, 
rather  than  the  azimuth  angle. 

The  changing  vortex  characteristics  were  presented  in  terms  of  azimuth  angle  primarily  to  indicate  the  structure 
of  the  vortex  that  the  following  blade  might  experience. 

The  only  lip  speed  condilktf  examined  wna  the  600  tl.Vc  case  although  it  is  hoped  ro  attend  the  Mud)  in  (V 
future. 

Mr  Lambourne:  Since  it  seems  likely  that  the  tip  vortex  is  originally  generated  by  t’.e  separation  of  flow  going 
from  lower  to  upper  surface  at  the  tip  of  the  blade,  it  might  be  expected  that  the  character  and  size  of  the  viscous 
core  would  be  dependent  on  the  details  of  the  tip  geometry.  Had  this  possibility  been  examined  by  experiments? 

Mr  Cook:  The  blade  tip  used  in  the  experiment  was  the  standard  SSS  type.  I  would  agree  that  the  character  and 
size  of  the  vortex  core  would  be  affected  by  the  tip  geometry,  but  this  was  not  the  primary  aim  of  the  study. 

An  investigation  of  the  effects  of  tip  shape  on  the  tip  vortex  structure  has  recently  been  attempted  at 
Southampton  University  using  a  small  model  rotor. 

Mr  Drees:  Tip  shape,  according  to  Bell  helicopter  tests,  has  a  large  effect  on  viscous  core  strength: 

(a)  Elliptical  shape  -  strong  core 

(b)  Tapered  shape  -  weak  core 
Also: 

(a)  High  bladeloads  -  core  disappears  soon  in  comparison  with  light  blade  loading. 

(b)  High  RPM  reduces  core  life  also. 

Mr  Cook:  I  agree  that  a  large  number  of  factors  can  affect  the  structure  of  the  tip  vortex;  this  experiment  was  not 
intended  to  study  variations,  but  rather  devised  as  an  exploratory  exercise  to  indicate  the  feasibility  of  measuring 
the  tip  vortex  issuing  from  a  full  scale  rotor  using  a  hot  wire  anemometer. 


Discussion  of  Paper  7 

"Aerodynamic  Factors  Influencing  Overall  Hover  Performance” 
presented  by  E.A.Fradenburgh 


Mr  Kretz:  What  theory  has  been  used  in  the  Figure  giving  comparison  for  cut-off  conditions  between  tests  and 
analysis? 

Mr  Fradenburgh:  There  were  three  theories  used  in  the  cor,  ison  shown  in  Figure  8  of  the  paper.  These 
calculations,  described  in  Reference  8  of  the  paper,  were  as  fo..ows: 

(a)  a  prescribed  wake  calculation,  using  wake  geometry  parameters  previously  established  from  flow  photography 
of  conventional  rotors, 

(b)  '  prescribed  wake  calculation  using  wake  geometry  parametp"  i„taoiished  from  flow  photographs  of  the  large 
.ut-out  rotor  (this  improved  correlation  only  slightly)  and 
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(c)  a  simple  blade  element  -  momentum  hover  performance  calculation. 

Mr  TUenius:  Did  you  look  into  the  effect  of  the  cut-outs  on  autorotation  degradation  of  the  rotor? 

Mr  Fradenburgh:  This  was  not  a  part  of  the  investigation  described;  h  iwever  more  recent  tests  of  another  model 
have  indicated  that  there  is  no  appreciable  degradation  of  autorot2tive  characteristics  due  to  large  cut-out. 

Mr  Drees:  Does  non  linear  tip  twist  have  adverse  effects  at  high  speed?  How  much  twist  was  used? 

Mr  Fradenburgh:  Any  blade  twist,  including  tip  twist,  tends  to  cause  blade  vibratory  stresses  at  high  speed. 

However  the  effects  of  the  tip  twist  have  not  caused  any  problems  to  da'e.  We  use  a  twist  increment  near  the  tips 
of  the  order  of  two  degrees.  It  is  necessary  only  to  use  enough  twist  to  reduce  the  angle  of  attack  of  the  critical 
region  below  the  stall  angle.  We  do  not  attempt  to  achieve  the  theoretical  optimum  load  distribution  near  the  tips 
in  all  cases;  eliminating  the  stalled  region  is  the  most  important  thing. 

Mr  Riley:  Mr  Fradenburgh  has  explained  how  a  change  in  blade  twist  can  be  applied  near  the  tip  to  alleviate  the 
effects  of  blade  stall  in  the  hover.  He  has  emphasised  how  near-hover  conditions  are  most  important  from  a  per¬ 
formance  point  of  view.  Since  the  high  loading  peak  oscillates  radially  along  the  blade  in  these  conditions,  would 
a  more  gradual  variation  of  incidence  not  be  better  suited  to  the  real  conditions? 

Mr  Fradenburgh:  We  have  not  investigated  variations  in  the  rate  at  which  the  twist  change  is  built  into  the  blade  — 
this  might  very  well  be  something  that  should  be  tried.  However,  measurements  of  pressure  on  the  surface  of  the 
blade  near  the  leading  edge,  used  as  a  measure  of  local  angle  of  attack,  indicate  that  the  angles  of  attack  in  the 
critical  region  are  reduced  in  a  beneficial  manner  under  conditions  of  wind  as  well  as  under  conditions  of  no  wind, 
for  the  geometry  we  are  using  at  the  present  time. 


Paper  No.  8 

“The  Rotor  in  Axial  Flow” 
presented  by  H.F.Zimmer 

A  discussion  comment  by  Professor  A.Naumann 


A  short  historical  remark  may  be  added  to  the  interesting  paper  of  Mr  Zimmer.  About  30  years  age  in  the 
Aerodynamisches  Institut  der  Techn.  Hochschule  Aachen,  I  measured  thrust  and  torque  coefficients  (ks,  k,j  resp) 
of  model  airscrews  in  a  wide  range  of  advance  ratios1,5.  These  measurements  covered  the  so  called  vortex  ring  state 
and  the  turbulence  state  too,  the  flow  pattern  of  which  are  schematically  sketched  in  Figure  I. 

The  vortex  ring  state  usually  occurs  at  small  negative  advance  ratios  XR ;  if  this  state  coincides  with  the  flow 
separation  (e.g.  at  small  negative  blade  angles),  the  superposition  of  these  two  critical  states  leads  to  very  strong 
vibrations  of  the  airscrew  blades;  partially  they  caused  the  fracture  of  the  blades. 

Starting  from  the  vortex  ring  state  at  a  certain  increase  of  the  flight  speed,  the  turbulence  state  occurs;  the 
oncoming  air  is  laterally  forced  away  by  the  opposite  flow  produced  by  the  airscrew  itself;  the  flow  pattern  becomes 
sim<lar  to  that  past  a  solid  disc,  where  an  (unstable)  vortex  ring  street  is  shedded. 

At  very  small  incidence  angles  of  the  blades  against  the  rotor  plane  the  vortex  ring  state  is  restricted  to  a  narrow 
«rgkr  •  at  higher  negative  angles  it  at  vnall  pwinv  *  titter  at  wtiinti  a  email  utgwwt  thrjusi  ca n 
coincide  with  a  high  positive  torque. 

The  results  are  dependent  on  the  form  of  the  blades;  they  could  be  gained  with  several  propellers  of  different 
blade  forms  and  blade  numbers.  One  example  is  shown  in  Figure  2  and  3;  the  thrust  coefficients  k,  and  torque 
coefficients  kj  are  plotted  against  the  advance  ratio  XR  for  a  two  bladed  airscrew. 
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Fig.2  Thrust  coefficient 
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Discussion  of  Paper  9 

“The  Development  of  an  Efficient  Hovering  Propeller/Rotor 
Performance  Prediction  Method 
presented  by  D.C.Gilmore 


Mr  Kretz:  Is  your  analytical  model  sensitive  to  this  planform,  more  particularly  to  the  tip  shape? 

Mr  Gilmore:  Not  normally  since  we  use  planform  in  the  calculation  of  local  lift  and  drag  once  the  velocity  field  is 

known.  Performance  predicted  would  only  be  sensitive  if  the  tip  shape  extended  inboard  of  the  tip  by  a  large  amount. 

Mr  Ormiston:  Referring  to  Figure  22  in  the  written  version  of  the  paper,  could  you  comment  on  the  reasons  for  the 

large  variation  in  figure  of  merit  due  to  core  size? 

Mr  Gilmore:  The  necessity  for  large  core  size  in  the  inboard  and  outboard  sheets  arises  for  two  reasons. 

1 .  The  location  of  control  points  on  the  lifting  line  (which  are  situated  at  the  shedding  location  of  the  trailing 
vortices). 

2.  The  use  of  the  solenodial  assumption  during  calculation  of  the  inboard  sheet  strength  is  prone  to  instability 
which  is  effectively  damped  out  with  a  large  (or  1/10  blade  radius)  core  size.  We  recognise  that  use  of  such 
core  sizes  is  not  physically  real  but  it  serves  to  allow  the  method  to  give  useful  results  until  appropriate 
modifications  can  be  made. 


Discussion  of  °aper  10 

“A  Summary  of  Current  Research  in  Rotor  Unsteady  Aerodynamics 
with  Emphasis  on  work  at  Langley  Research  Center” 
presented  by  J.F.Wkrd  and  W.H.Young  Jr 


Dr  Jones:  I  sympathise  with  Dr  Johnson's  request  for  a  better  basic  research  programme  but  it  is  most  important 
to  have  in  mind  the  likely  value  of  the  results  to  helicopter  designers. 

For  instance  the  concept  of  an  improved  model  for  the  dynamic  stall  must  depend  upon  a  better  knowledge  of 
mechanisms  of  separation  -  a  subject  which  has  occupied  aerodynamists  for  a  century.  It  is  to  be  expected 
that  further  progress  in  this  area  will  be  shown. 

In  the  paper,  and  on  occasions  in  the  meeting,  there  have  been  several  examples  of  Schlieren  pictures  of  rotor 
flows.  Is  there  any  example  which  shows  shock  waves  extending  beyond  the  blade  tip?  Some  35  years  ago 
Dr  W.F.Hilton  showed  shadowgraphs  with  shockwaves  extending  well  beyond  the  blade  tip  at  M  =  0.85  or  so. 

Mr  Ward:  I  do  not  remember  seeing  any  Schlieren  photos  showing  shock  waves  extending  beyond  the  blade  tip. 
However,  in  most  of  the  photos  I  recall  the  Schlieren  orientation  was  not  suited  to  the  detection  of  this  type  of 
shock. 

Prof. Ham:  Much  dynamic  stall  research  is  devoted  to  the  accumulation  of  empirical  data  rather  than  the  achievement 
of  basic  understanding. 

Mr  Caradonna:  Concerning  Dr  Jones  question:  on  the  basis  of  numerical  calculations,  shocks  definitely  do  seem  to 
extend  out  beyond  the  blade  tip. 

Prof.Kiichemann:  It  seems  that  it  is  proposed  to  deal  with  the  problems  of  dynamic  stall  first  for  the  case  of  two- 
dimensional  aerofoils,  assuming  the  types  of  bubble  separation  to  be  the  same  as  in  steady  flows.  I  should  like  to 
ask  whether  you  have  any  reason  to  suppose  that  such  flow  models  will  apply  in  the  real  case  of  time-dependent 
separated  three-dimensional  flows  over  rotating  blades. 

Prof.Ham:  Concerning  Dr  Klichemann’s  comment,  the  three-dimensional  rotor  dynamic  stall  data  of  McCroskey 
agrees  closely  with  the  two  dimensional  unsteady  airfoil  data  of  Ham.  This  suggests  the  applicability  of  two- 
dimensional  data  to  the  three-dimensional  case. 

Mr  Young:  Our  investigations  are  not  limited  to  separation  bubble  type  separation.  They  include  the  trailing  edge 
separation  in  the  analysis.  For  the  present,  models  of  two-dimensionnl  dynamic  stall  seem  sufficiently  complex. 
Eventually  the  inclusion  of  three-dimensional  and  compressible  effects  must  be  considered. 
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Mr  Lamboume:  Although  Mr  Ward  had  stressed  that  “lift  stall”  and  “moment  stall”  were  to  be  reported  as  separate 
events,  would  he  agree  that  they  were  related  events  resulting  from  the  same  cause  -  separation? 

Was  it  likely  that  compressibility  would  have  to  be  included  in  the  modelling  of  dynamic  stall  in  order  to  get 
agreement  with  reality  and  whether  shock  wave  effects  were  also  present  even  at  the  lower  Mach  numbers  of  the 
retreating  blade? 

Mr  Ward:  It  is  agreed  that,  while  “lift  stall”  and  “moment  stall"  are  seen  by  the  blade  as  separate  events,  both 
events  are  the  result  of  a  single  flow  separation  event.  In  addition  it  appears  that  compressibility  will  have  to  be 
included  in  the  dynamic  stall  modelling  even  for  th  tower  Mach  number  range  on  the  retreating  blade.  The  high 
angles  of  attack  and  inflow  velocities  induced  by  the  unsteady  wake,  including  blade/vortex  interaction,  suggest  that 
unsteady  compressibility  effects  must  be  studied. 

Prof.Young:  I  was  interested  in  the  diagram  (Fig.  14)  showing  the  effect  of  change  in  tip  shape  on  the  strength  of  the 
tip  vortex.  This  rather  re-inforces  a  general  impression  that  I  have,  which  as  a  layman  in  helicopter  aerodynamics  I 
have  hesitated  to  put  forward  before,  that  in  the  various  theories  that  have  been  developed  for  providing  rotor 
characteristics  there  has  been  too  great  a  concentration  on  the  tip  vortex,  dramatic  as  it  is,  to  the  relative  neglect  of 
the  rest  of  the  trailing-vortex  system  in  the  blade  wake.  It  seems  that  small  changes  in  the  blade  planform  shape 
can,  by  modifying  the  loading  distribution  near  the  tip,  result  in  significant  changes  in  the  tip  vortex  strength  near 
the  rotor  disc.  If  this  is  so  it  might  be  of  importance  in  rotor  design,  and  I  would  welcome  the  comments  of  the 
authors  on  this  point. 

Mr  Ward:  Alleviation  of  the  intensity  of  the  tip  vortex  will  indeed  have  an  effect  on  rotor  design.  Some  of  the 
more  serious  rotor  problems,  such  as  trailing  vortex  induced  tip  stall  in  hover,  rotor  blade  “slop”  noise  and  rotor 
blade  impulsive  loading  can  be  alleviated.  Once  some  of  these  problems  are  under  control  the  rotor  can  then  be 
improved  from  a  performance  standpoint  by  utilizing  optimum  planform,  twist  and  airfoil  distributions. 

Mr  Johnson:  The  attention  to  the  tip  vortex  influences  seems  to  be  justified  now  as  the  greatest  source  of  loads, 
vibration,  noise,  and  other  problems.  If  the  efforts  to  dissipate  or  decrease  the  vortex  strength  are  successful,  there 
will  probably  then  be  a  swing  of  attention  to  the  other  elements  of  the  vortex  wake. 

Mr  Williams:  With  limited  resources  there  should  be  a  balance  of  effort  into 
•  (1)  prediction  and  understanding  of  phenomena 
(2)  alleviating  or  avoiding  the  phenomena  altogether. 

In  particular  I  would  offer  a  caution  that  we  do  not  overemphasize  the  predictive  capability  at  the  expense  of 
research  into  methods  of  avoiding  the  phenomena.  For  example  the  use  of  rotor  tip  air  injection  to  alleviate  or 
completely  disperse  the  vortex  may  nullify  the  tip  roll-up  phenomena;  also  high  lift  may  alleviate  dynamic  stall  or 
advancing  tip  Mach  number. 

Mr  Kietz:  There  has  been  an  impressive  effort  to  gain  an  understanding  of  the  unsteady  aerodynamic  phenomena. 

The  question  is  what  means,  positive  and  active  are  envisaged  to  control  these  effects.  The  variable  geometry  rotor 
is  one  of  them  and  mass  injection  has  been  mentioned.  Are  other  means  under  investigation?  More  particularly 
are  feed  back  inputs,  as  active  means,  being  studied? 

Mr  Ward:  Active  feed  back  control  of  unsteady  aerodynamic  phenomena  are  under  study.  Fluidic  control  systems 

m  twing  k:  kwnl  bfcnk  mttoii  Wft  wnAfrig  upfns  wnfaw  jawsm  b  the 

region  and  controlling  jet  flap  deflection  angle.  Other  methods  of  blade  modal  control  are  under  study  including 
servo-tabs,  electro-magnetic  shakers  installed  in  the  rotor  blade,  and  direct  control  by  servo-actuators  installed  in  the 
blade  pitch  control  linkage. 

Mr  Young:  I  would  like  to  thank  Dr  Ham,  as  a  potential  flow  expert,  for  his  endorsement  of  the  Navier-Stokes 
solutions. 
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Discussion  of  Paper  1 1 

“Calcu!  et  Mesure  des  Forces  Aerodynamiques  sur  un 
Profll  Oscillant,  avec  et  sans  Ddcrochage 
presented  by  J.J.Philippe  and  M.Sagner 


Mr  Lamboume:  M. Philippe  had  referred  to  work  at  the  RAE  on  dynamic  stall.  In  this  work  oscillatory  measurements 
had  been  made  on  an  aerofoil  for  Mach  numbers  between  0.35  and  0.5,  which  to  some  extent  complemented  the 
range  covered  by  M. Philippe.  Briefly,  the  general  conclusions  were  that  for  these  higher  Mach  Numbers  the 
hysteresis  loops  for  lift  and  moment  became  thinner  as  Mach  number  increased.  The  lift  “dynamic  overshoot" 
decreased  and  certainly  by  M  =  0.5  the  overshoot  had  practically  disappeared.  These  changes  were,  perhaps  not 
surprisingly,  accompanied  by  a  reduction  in  the  region  of  negative  pitching  damping  at  higher  Mach  number.  The 
measurements  at  the  RAE  had  also  included  instantaneous  pressure  distributions  across  the  chord  of  the  aerofoU. 

The  time  histories  following  the  onset  of  separation  exhibited  a  randomness  which  meant  that  the  behaviour  after 
separation  occurred  was  not  the  same  for  each  cycle.  I  am  very  impressed  by  the  calculated  results  shown  in  Figure 
16  because  these  show  remarkable  similarity  to  some  of  my  measurements.  I  have  a  question  regarding  the  method 
of  calculation.  Is  there  an  element  of  randomness  in  the  calculation  process  or  does  the  method  produce  a  unique 
pressure  time-history  which  is  identical  for  each  every  cycle? 

M.Souquet:  le  Calcul,  dont  les  rdsultats  font  l’objet  de  la  Figure  16,  ne  reprdsente  qu'une  portion  de  cycle  (environ 
1/6)  aprds  la  premidre  apparition  d’un  ddcollerrfent.  Si  on  recommence  un  calcul  avec  les  memes  donndes  initiates, 
on  retrouve  les  memes  rdsultats  aux  erreurs  prds,  lides  aux  probldmes  d’arrondi  et  de  troncature  inhdrents  aux 
calculations  digitaux.  Touteiois  il  est  impossible  d’affirmer  que,  lorsqu’on  effectuera  des  calculs  sur  plusieurs  cycles 
successifs,  on  ne  verra  pas  se  manifester  une  instability  qui  cry  era  des  differences  aldatoires  ou  pdriodiques  entre 
cycles. 

Les  seuls  termes  akatoires  introdurts  dans  k  calcul  sont  ks  erreurs  d’attondi  et  de  troncature  du  calculateur. 

Si  deux  calculs  consdcutifs  sont  effectuds  avec  les  mimes  conditions  initiates  et  le  meme  processus  de  traitement  on 
retrouve  le  mime  risultat  3  quelques  differences  mineures  pris. 

M.HiiGppe.  De  ftuiiibrfcusts  txpitiencwS  ant  (Kji  mis  itfi  tvidenct  It  fait  qac,  cycles  spits  cydvs,  1 'incidence  d£  dtlml 
de  dicollement  ou  celle  du  recollement  n’est  pas  exactement  identique  (je  pense  notamment  aux  travaux  de  Liiva  et 
DAVENPORT)  Ceci  conduit  d’ailleurs  3  moyenner  les  rdsultats  ou  un  certain  nombre  de  cycles  pour  fournir  des 
valeurs  disponibles  des  composants  aliatoires  dues  3  certains  phdnomdnes  lids  au  dicrochage  instationnaire. 

M.Lecarme: 

(a)  La  trainie  instationnaire  peut  avoir  une  grande  importance  sur  la  sdcuritd  des  rotors;  en  effet  quand  on  fait 
dicrochcT  un  rotor  les  vibrations  dt  trainde  des  pales  augmentent  gduCralcment  ptu,  mais  si  Von  persiste  (en 
augmentant  le  pas  gdndral)  il  arrive  souvent  que  Ton  observe  une  divergence  brutale  de  ces  vibrations  de 
trainee,  la  trainee  instationnaire  peut  jouer  un  r6Ie  dans  ce  phdnomdne. 

(b)  Au-dtla  des  palautctles  J'avaiivifuilil  de  l"of Jit  de  b,5  4  t>,4  Vaita^uc  oblitfUe  joul  UI1  ties  giaiiu  lOie  iiutaii.iir.irt 
dans  le  ddpassement  du  coefficient  de  partance  maximum  (dans  les  zones  non  contamindes  par  le  cercle 
d’inversion). 

M.Philippe:  I  agree. 

Mr  Kretz:  Quelle  est  la  signification  des  traces  dans  la  figure  15? 

M.Sagner:  Etant  donnd  que  la  nappe  tourbillonnaire,  lide  au  ddcollement  de  bord  d’attaque  est  reprdsentde  par  une 
Emission  de  tourbillons  discrets,  dmission  qui  ddbute  au  moment  ou  les  conditions  d’dclatement  du  bulbe  sont  erdes, 

Us  traces  montrdes  sur  la  Figure  IS  reprdsentant  3  rinstant  correspondan;  3  ^incidence  portde  stir  la  figure,  le  lieu 
gdometrique  de  tous  les  tourbillons  dmis  par  ce  processus  entre  I’instant  de  ddbut  d’emission  (temps  correspondant 
i  Im  utimuui  n  indipn.'ii*lsni  sun  dlfMri  «ki  foc&'nui  moiifcMKi 
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Discussion  of  Paper  13 

“A  Compressible  Unsteady  Aerodynamic  Iheory 
for  Helicopter  Rotors” 
presented  by  C.E. Hammond 


Prof.Ham:  What  is  the  effect  of  compressibility  on  “wake-excited”  flutter? 

Mr  Hammond:  The  purpose  of  the  numerical  study  was  to  determine  the  effect  of  the  various  parameters,  including 
Mach  number,  on  the  flutter  speed.  No  effort  was  made  to  isolate  the  “wake-excited”  flutter  condition  and  study 
it  individually.  In  all  the  cases  examined,  however,  the  effect  of  compressibility  was  to  lower  the  flutter  speed. 

Mr  Zwaan:  The  success  of  your  method  and  those  of  Loewy,  Jones  and  Rao  depends  heavily  on  the  supposition 
that  only  the  parts  of  the  wakes  very  near  to  the  reference  aerofoil  contribute  to  the  aerodynamic  forces.  If  I  make 
in  this  respect  a  distinction  between  near-fleld  and  far-field  disturbances,  the  differences  between  your  results  and 
those  of  Loewy,  Jones  and  Rao  seem  to  stem  from  different  treatments  of  the  far-field  disturbances.  Have  you 
made  an  attempt  to  assess  2he  relative  importance  o!  the  near-field  and  far-field  disturbances,  e.g.  numerically,  in 
order  to  get  an  impression  to  which  extent  the  outer  field  may  be  modified,  thus  simplifying  the  problems? 

Mr  Hammond:  The  only  effort  which  has  been  made  in  this  respect  is  the  variation  of  the  frequency  ratio  parameter 
which  is  presented  in  the  paper  and  which  was  covered  in  the  presentation.  This  variation  shows  essentially  the  effect 
of  increasing  the  upstream  length  of  the  wake  layers  and  it  was  found  that  this  did  have  a  marked  effect  up  to  a 
certain  point.  Beyond  a  frequency  ratio  of  0.5  it  was  found  that  the  results  of  this  paper  and  those  of  Loewy,  Jones 
and  Rao  were  in  very  close  agreement.  Thus  there  is  a  point  beyond  which  the  wake  can  be  represented  as  layers  of 
vorticity  having  infinite  length.  This  representation  simplifies  the  analysis  and  reduces  the  computation  time. 

M.Costes:  A  l’ONERA  j’emploie  la  mime  thdorie  compressible  lindarisde  avec  un  sillage  en  nappe  Mlicoidale  pour  le 
calcul  des  efforts  "irodynamiques  sur  un  rotor  d’hdlicoptdre.  Les  effets  tridimentionnels  sont  done  inclus.  Dans  les 
cas  de  vols  que  nous  avons  dtudid  (rapport  d’avancement  =  0,3),  I'influence  des  zones  de  sillage  proches  de  la  pale 
intdressie,  e’est  A  dire  celles  que  vous  considerez  dans  votre  article,  est  d'environ  les  80%  de  I’influence  totale. 

J’ai  maintenant  une  question  A  poser.  Vous  utilisez  cette  methode  tridimentionnelle  compressible  pour  retrouver 
ks  fishtail  J’w.w  experience  <k  ftotfenieM .  Avenots*  envisage  arc  compwafevm  r-ntr* k  tMbtic  it  l experience  pew 
les  portances  alrodynamiques  sur  les  pales  d’un  rotor  d’hdlicoptdre? 

Votre  travail  a  aussi  le  grand  mdrite  de  montrer  tout  I’intlret  que  I'on  peut  avoir  A  utiliser  une  nkthode  qui 
tient  compte  de  maniire  rigoureuse  des  effets  de  compressibilite;  meme  si  cette  nkthode  est  plus  difficile  A  mettre 
en  oeuvre  que  celle  qui  consiste  A  faire  un  calcul  incompressible,  puis  A  appliquer  ;.ie  correction  comme  celle  de 
Prandtl. 

Mr  Hammond:  I  am  familiar  with  Mr  Costes’  work  at  ONER  A.  The  aerodynamic  theory  which  he  employs  is  quite 
elegant  and  gives  good  correlation  with  experimentally  measured  results. 

In  response  to  your  question,  we  have  not  made  any  comparisons  of  our  computed  aerodynamic  forces  and 
moments  with  experimental  values.  This  could  be  done  easily,  of  course,  since  the  chordwise  pressure  distribution 
and  section  lift  and  moment  are  results  of  the  computations.  The  original  impetus  for  developing  the  aerodynamic 
theory  was,  however,  to  determine  the  effect  of  compressibility  on  the  flutter  speed  of  rolary  wings  and  at  present 
this  is  the  only  use  which  has  been  made  of  the  theory. 


Discussion  of  Paper  14 

“Some  Aspects  of  the  Design  of  Rotor  Airfoil  Shapes” 
presented  by  S.Wagner 


Mr  Wagner:  First  of  all  I  would  like  to  thank  Professor  Wortmann  for  his  prepared  comment.  I  agree  that  the  most 
important  part  of  the  profile  that  influences  the  flow  significantly  is  the  region  around  the  leading  edge.  In  addition, 
it  should  be  possible  to  choose  a  curvature  on  the  upper  side  of  the  profile  close  to  the  leading-edge  radius  that 
meets  the  requirements  of  transonic  flow  (advancing  blade)  and  high  lift  conditions  (retreating  blade). 
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Mr  Sloof:  In  your  presentation  you  quite  correctly  mentioned  the  hodograph  method  as  a  potential  tool  to  be  used 
in  the  design  of  rotor  airfoils.  I  think  I  should  mention  that,  as  part  of  a  NASA  contract,  we  are  presently  studying 
the  possibility  of  using  Nieuwlands  hodograph  method  to  generate  airfoils  that  are  suitable  for  application  in  the 
outboard  section  of  a  helicopter  rotor.  We  found,  that  by  adding  two  extra  series  to  the  solutions  of  the  hodograph 
equations  that  lead  to  the  so  called  quasi-elliptical  airfoils,  we  were  able  to  generate  shock-free  sections  for  the  high 
Mach  number  low  CL  condition,  that  at  the  same  time  exhibit  the  kind  of  leading  edge  droop  that  is  required  for 
a  high  CL  max  at  moderate  Mach  numbers.  From  these  analytical  studies  it  appeared  to  us  that  a  key  feature  to 
the  compatibility  of  the  multiple  design  requirements  for  helicopter  airfoils  is  indeed  the  curvature  distribution  on 
the  front  part  of  the  upper  surface.  Thus,  in  this  respect,  as  well  as  in  others,  the  airfoils  that  the  hodograph  method 
is  providing  us  with  closely  follow  the  general  description  of  the  “optimized  rotor  airfoil”  just  given  by  Dr  Wortman. 

Mr  Wagner:  Thank  you  for  this  interesting  comment. 

Mr  Wilby:  First  I  would  like  to  stress  the  importance  of  pitching  moment  in  the  design  of  a  rotor  blade  section, 
particularly  the  requirement  for  zero  pitching  moment  at  zero  lift  and  high  subsonic  Mach  number.  If  this  requirement 
is  to  be  met,  then  viscous  effects  must  be  accounted  for  in  any  computations  of  the  theoretical  pressure  distributions. 
Existing  methods  can  deal  with  this  situation  for  subcritical  conditions  and  at  the  RAE  we  have  been  able  to  design 
aerofoils  with  reflex  camber  to  compensate  for  the  nose-down  pitching  moment  produced  by  nose  droop. 

I  was  interested  to  see  the  results  presented  by  Dr  Wagner  for  aerofoils  modified  at  the  trailing-edge  to  represent 
the  tab  formed  by  full  scale  manufacturing  techniques.  We  have  carried  out  similar  tests  at  the  RAE  and  found 
much  the  same  results,  a  considerable  change  in  pitching  moment  characteristics  being  observed.  If  two-dimensional 
aerofoils  are  being  tested  to  obtain  data  to  feed  into  a  rotor  performance  computer  program  in  order  to  assess  the 
performance  of  a  particular  project,  then  it  Is  important  to  test  the  shape  of  blade  section  tnat  actually  appears  on 
the  final  real  rotor  blade. 

My  last  comments  concern  the  contribution  from  Prof.  Wortmann.  He  suggests  that  one  can  reconcile  the 
design  features  for  high  CL  max:  at  low  speed  with  those  for  high  drag-rise  Mach  number  at  low  CL  in  a  design 
that  incorporates  a  region  of  high  curvature  on  the  upper  surface  of  the  profile  at  about  10  to  15%  chord.  I  feel 
that  there  must  always  be  a  penalty  to  pay  at  some  conditions  for  a  region  of  high  curvature,  and  in  this  case  it 
could  well  be  at  conditions  appropriate  to  the  blade  tip  in  hover,  where  the  shock  would  form  just  to  the  rear  of 
the  high  curvature  region.  In  these  circumstances  the  high  curvature  would  produce  local  expansions  that  would 
result  in  a  stronger  shock. 

Mr  Wagner:  It  is  good  to  hear  that  you  got  similar  results  of  experiments  with  modified  trailing  edges. 

Mr  Eppler:  The  method  given  by  the  authors  would  very  easily  allow  us  to  compute  airfoils  from  given  pressure 
dieribuBon  to  the  (ncotr^ctulhk  cut  (f  the*  proutt  iMributfoni  «r  gmr  at  dORcnnt  ittUcnitt  Miami 
angles  of  blade.  If  the  pressure  distribution  is  not  only  given  at  different  stations  at  different  lift  coefficients,  but 
also  at  different  Mach  numbers,  different  compressibility  reductions  are  obtained.  Therefore  a  method  for  airfoil 
computation  was  developed,  in  which  the  shape  can  be  given  in  one  part,  and  pressure  distribution  in  the  other,  i 
hope  that  this  method  together  with  new  compressibility  reductions  will  help  to  get  the  optimum  shape  for 
helicopters. 


Mt  Ditto'  l'.  addition  k>  h4g.  CL  m«k  and  h#,  the  opWm%«4ont)(  tD  tot  how*  OMidtttotA AouWU 
added  as  one  of  the  most  important  requirements. 

Mr  Wagner:  I  agree.  Figure  20  of  this  paper  shows  that  a  droop  of  leading  edge  improves  not  only  CL  max  but 
also  L/D. 


Discussion  of  Paper  16 

“The  Derivation  and  Verification  of  a  New  Rotor  Profile  on  the  Basis  of 
Row  Phenomena  Aerofoil  Research  and  Flight  Tests” 
presented  by  P.G. Wilby 


Mr  Williams:  Please  comment  on  the  use  of  a  drag  rake  for  flow  measurements  (accuracy,  unsteady  effects  etc.) 


Mr  Wilby:  The  wake  measurements  may  be  interpreted  in  a  two-dimensional  sense  to  give  a  direct  comparison  of 
the  two  profiles,  when  the  well  established  corrections  for  static  pressure  may  be  applied  to  give  accurate  drag  values. 
In  a  wider  sense,  the  validity  of  a  strictly  two-dimensional  interpretation  of  the  wakes  must  be  questioned,  and  the 
rake  measurements  themselves  have  now  helped  in  building  up  the  detailed  picture  of  the  blade  tip  environment 
provided  by  these  pressure  measurements. 
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Discussion  of  Piper  17 

“The  Effect  of  Planform  Shape  on  the  Transonic  Flow  past  Rotor  Tips” 
presented  by  F.X.Caradonna 


Mr  Drees:  This  was  a  very  nice  paper.  In  practice  gains  of  15%  power  reduction  are  shown.  The  critical  azimuth 
position  is  not  90  degrees  but  about  130.  The  tip  vortex  has  to  be  included. 

Mr  Caradonna:  The  large  power  reduction  you  mention  is  gratifying.  As  we  have  seen,  our  calculations  show  the 
possibility  of  considerable  shock  strength  reductions  with  geometry  variation.  However,  we  have  also  seen  that 
planform  and  profile  variations  can  have  some  rather  unexpected  effects  and  1  wouldn’t  be  surprised  if  you  have 
seen  some  surprisingly  small  power  reductions  for  some  of  the  planforms  you  have  tried. 

You  are  quite  correct  concerning  the  probable  location  of  the  worst  transonic  effects.  A  swept  back  tip  is 
effectively  less  swept  in  this  region.  Furthermore,  the  incident  Mach  number  is  still  considerable  at  this  point.  And, 
as  we  have  seen,  a  blunt  nosed  airfoil  can  be  strongly  affected  by  moderate  sweep  changes. 

Concerning  the  treatment  of  tip  vortices,  for  the  low  lift,  advancing  side,  I  anticipate  that  vortex  roll  up  is  no 
problem,  as  this  will  probably  occur  sufficiently  far  downstream  as  to  have  little  effect.  A  greater  concern  is  the 
tip  vortex  and  vortex  sheet  from  the  previous  blade  and  we  hope  that  the  wake  analysis  people  can  provide  us  with 
good  information.  When  a  previous  tip  vortex  comes  too  close  to  the  blade,  the  small  disturbance  approximation 
will  surely  have  to  be  abandoned.  For  calculation  of  highly  lifting  flows  the  tip  roll  up  can  occur  immediately  and 
the  treatment  of  this  situation  is  by  no  means  clear. 


Discussion  of  Paper  18 

“Wind  Tunnel  Tests  of  a  Tilt  Rotor  from  Hovering  to  Fast  Cruise” 
presented  by  W.L.Cook 


Mr  Williams:  This  is  only  a  comment.  In  our  work  at  NSRDC  about  1968  we  obtained  very  similar  results  at  the 
optimum  blade  twist  for  hover-cruise  compromise;  I  believe  for  your  disc  loading  range  it  was  about  37°. 

We  then  studied  higher  disc  loading,  for  Navy  missions  (higher  speed,  smaller  blade  stowage  area.  We  found 
that  BLC  on  the  inboard  leading  edge  was  effective  in  allowing  maximum  twist  for  cruise  and  also  good  Figure  of 
Merit. 


Discussion  of  Paper  19 

“Recent  Developments  in  Circulation  Control  Rotor  Technology” 
presented  by  R.M. Williams 


Mr  Lecarme:  En  cas  de  panne  de  compresseur  1’autorotation  du  rotor  est-elle  possible  et  peut-elle  assurer  la 
slcuritd  de  l'appareil. 

Mr  Williams:  Loss  of  all  compressors  may  be  catastrophic  although  there  is  some  indication  from  theory  that  the 
centrifugal  compression  may  be  of  help.  Normally  the  compressor  is  connected  by  the  transmission  to  the  rotor. 

Mr  Kretz:  May  I  congratulate  the  author  for  this  excellent  presentation  of  the  impressive  effort  done  by  the  Navy 
on  CC  rotor.  Working  on  similar  lines  we  have  found  most  of  the  results  cited. 

There  is  a  question  I  wish  to  ask:  what  is  the  blade  loading  envisaged  for  the  CC  rotor? 

Moreover,  may  I  add  that  centrifugal  effects  add  to  maintain  circulation  control  in  autorotative  flight. 

Mr  Williams:  Thank  you  for  your  comment.  The  blade  loading  is  high,  of  the  order  of  150  Ib/ft  2.  The  pressure 
ratio  required  during  autorotation  is  about  1.1.  to  1.2  so  that  your  results  on  blown  rotors  may  well  apply  to  our 
case. 
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Mr  Reichert:  You  need  a  different  control  syste  i  for  hovering  and  for  cruise.  Does  this  impose  mechanical 
complexity  and  additional  weight? 

Mr  Williams:  The  same  system  is  used.  The  cams  are  merely  lowered  to  remove  the  cyclic  variation. 


Discussion  of  Paper  20 

“Some  Objectives  in  Applying  Hingeless  Rotors  to  Helicopters 
and  V/STOL  Aircraft” 
presented  by  H.Huber 


Mr  Cheney:  This  paper  described  excellent  work.  I  have  these  questions  to  ask. 

1 .  What  is  percent  normal  RPM  when  (  ^  )  in  plane  =  1 .0? 

2.  What  is  percent  normal  RPM  when  RPM  is  coincident  with  aircraft  roll  frequency  and  describe  what  occurs 
during  run-up  at  this  frequency? 

3.  How  far  does  RPM  drop  at  power  failure? 

4.  Docs  BO  105  have  skid  landing  gear? 

Mr  Huber: 

1 .  The  section  point  of  inplane  frequency  with  1  SI  ,  when  reducing  the  rotor  RPM  is  at  about  58%  normal  RPM. 

2.  The  aircraft  roll  natural  frequency  is  about  30%  of  normal  RPM.  Flight  tests  were  done  with  periodic  stick 
excitation  by  pilot  by  moving  the  stick  laterally  at  just  this  frequency.  There  was  of  course  an  increase  of  lag 
oscillations  (at  the  air  resonance  frequency),  but  the  oscillations  were  highly  damped,  i.e.  the  whole  system  is 
stable. 

3.  At  power  failure  the  rotor  RPM  drops  to  a  minimal  75-80%  at  the  moment  of  ground  contact  at  collective 
flare  during  autorotation  landing  and  then  reduces  further.  There  are  no  stress  problems  at  the  58%  condition. 

4.  Yes,  the  BO  105  has  skid  landing  gear. 

Mr  Ormiston: 

1 .  It  is  very  evident  in  the  results  of  this  paper  that  aerodynamic  phenomena  are  of  particular  importance  for 
hingeless  rotors,  both  in  regard  to  rotor  blade  dynamics  and  stability  and  in  regard  to  fuselage  motion  dynamics 
and  flying  qualities.  These  aerodynamic  effects  are  in  many  respects  of  greater  relative  importance  for  hingeless 
rotors  than  for  articulated  rotors  which  may  not  be  as  yet  fully  appreciated  by  rotory  wing  aerodynamicists. 

2.  Are  the  effects  of  airfoil  variations  in  Figure  8  due  primarily  to  aerodynamic  effects  or  rather  to  the  influence 
of  blade  center  of  gravity  variations? 

Mr  Huber: 

1 .  I  am  in  full  agreement  with  your  comment  about  the  increasing  importance  of  aerodynamic  and  aerolastic 

effects  on  hingeless  types  of  rotors.  The  reason  is  that  all  effects  which  influence  the  rotor  blade  dynamics  will 
be  increased  in  their  effect  because  of  the  large  moment  arms  of  the  system.  Hingeless  rotors  show  very  sharp 
reactions  to  all  aerodynamic  inputs  and  neglect  of  this  or  wrong  aerodynamic  treatment  will  result  in  inconect 
calculations.  In  this  respect  the  hingeless  rotor  can  be  said  to  be  a  “non-forgiving”  rotor. 

2  The  effects  of  airfoil  modifications  (fig.8)  are  partly  due  to  aerodynamic  effects  and  partly  due  to  c.g. 
variation.  Curve  (3)  can  be  said  to  be  mainly  influenced  by  the  large  c.g.  shifts. 

Mr  Zwaan: 

1 .  What  type  of  structural  damping  did  you  apply  in  your  calculation  model  (hysteresis  or  velocity-dependent);  I 
can  imagine  that  the  type  differs  for  the  blade  structure  and  the  control  mechanism. 

2.  Furthermore,  did  you  perform  ground  resonance  tests  in  order  to  check  your  calculation  model  before  flight 
testing? 
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Mr  Huber: 

1 .  In  our  calculation  model  there  it  now  included  a  velocity-dependent  structural  damping.  But  as  soon  as  we 
know  more  about  the  structural  damping  behaviour  (from  running  damping  tests),  we  will  include  the  effects. 

2.  Yes,  we  did  very  extensive  ground  and  air  resonance  tests  with  the  new  type  of  soft  inplane  rotor.  The 
correlation  with  calculation  results  was  very  good. 

Mr  Kretz: 

1 .  What  is  the  value  of  the  damping  in  the  in-plane  direction? 

2.  Is  it  purely  structural,  without  any  artificial  device? 

Mr  Huber: 

1 .  Structural  in -plane  damping  depends  on  some  parameters,  such  as  inplane  moments,  blade  lift  and  centrifugal 
force.  On  average  the  damping  can  said  to  be  about  2-4%  critical. 

2.  On  the  Bo  10S  rptor  there  is  no  artificial  damping  device.  Damping  is  entirely  by  structural  damping  and 
damping  effects  in  the  blade  attachment  device. 


Discussion  of  Paper  22 

“Fundamental  Considerations  of  Noise  Radiation  by  Rotary  Wings” 
presented  by  M.V.Lowson 


Mr  Krrtz: 

1 .  Do  you  envisage  use  of  the  effects  of  boundary  layer  and  circulation  control  and  air  injection  at  the  tip,  to 
reduce  the  noise  signature. 

2.  Do  you  intend  to  employ  means  other  than  I  have  just  mentioned,  to  reduce  or  modify  the  noise  spectrum? 

Dr  Lowson:  I  have  not  looked  specifically  at  possible  effects  of  boundary  layer  control.  The  acoustic  effects  due 
to  any  change  of  force  resulting  from  this  could,  of  course,  be  calculated  by  the  theories  presented.  I  am  personally 
rather  doubtful  if  any  noise  benefit  would  result.  There  are  certainly  additional  noise  sources  due  to  the  intense 
shear  layers  resulting  from  boundary  layer  control  jets,  and  due  to  the  rotating  mass  output.  Mass  injection  at  the 
tips  has  been  proposed  as  a  noise  reduction  method,  and  is  supposed  to  act  via  reduction  or  elimination  of  the  tip 
vortex.  I  have  not  fbeen  able  to  read  the  original  paper  on  this  proposal,  but  at  present  am  unconvinced  of  its 
effectiveness.  The  most  promising  noise  control  approach  to  date  appears  to  be  via  tip  modifications,  and  under¬ 
standing  of  the  reasons  for  their  effects  seems  likely  to  pay  valuable  dividends. 

Mr  Schmitz:  It  has  been  shown  that  higher  order  loading  harmonics  can  be  efficient  radiators  of  sound.  However, 
measured  higher  order  loading  harmonics  is  lacking  along  with  definite  proof  that  this  higher  harmonic  data  is  in 
fact  random.  Thus  how  do  we  conclusively  prove  that  rotational  noise  is  entirely  governed  by  “miniscule  variations” 
in  blade  loading?  What  we  have  shown  is  that  it  my  be  an  important  source  of  noise.  Further  experimental 
measurements  of  actual  detailed  pressure  variations  along  the  blade  appear  necessary. 

Dr  Lowson:  The  tests  reported  here  go  as  far  as  a  harmonic  order  of  70.  I  feel  the  present  results  do  verify  the 
theory  at  moderate  harmonic  orders,  and  inference  of  accuracy  at  higher  orders  seems  acceptable,  particularly  since 
there  is  no  counter-evidence.  In  my  view  the  theory  is  now  sufficiently  well  verified  that  acoustic  measurements 
may  be  used  to  predict  pressure  fluctuation  levels  with  reasonable  confidence.  It  is  clearly  going  to  be  impossible 
to  prove  this  or  any  theory  conclusively  for  all  harmonics,  as  this  would  require  a  complete  carpeting  of  the  rotor 
blade  with  transducers.  Thus  the  principal  value  of  detail  pressure  measurements  seems  to  be  in  understanding  local 
aerodynamic  effects,  for  instance  at  the  tips  or  during  vortex  intersection. 

Melle  Merle:  Nous  itudions  en  laboratoire  la  rencontre  d’une  onde  de  choc  et  d'un  tourbillon  et  1’onde  sonore  qui 
en  rt suite.  Le  confdrencier  a-t-il  dtudid  ce  probldme? 

Dr  Lowson:  We  have  not  studied  shock/vortex  interaction.  Although  this  is  a  problem  of  considerable  general 
interest  I  am  somewhat  doubtful  about  its  relevance  to  the  helicopter  noise  problem. 
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Diacunrion  of  Paper  23 

“Wake  Characteriatica  of  a  Two-Dimensional  Asymmetric  Aerofoil” 
presented  by  LKavnk 


Mr  McCroakey:  Would  you  characterize  the  boundary  layer  and  wake  aa  “turbulent”?  la  the  velocity  defect  low 
(Eqn.  1),  for  laminar  or  turbulent  flow?  The  apectrograph  of  fluctuating  preaaure  level  ahows  very  discrete 
frequencies. 

I  think  you  have  studied  an  interesting  but  complex  regime  in  Reynolds  number  which  is  neither  completely 
laminar  nor  fully-developed  turbulent.  It  would  be  interesting  to  determine  to  what  extent  the  results  extend  to 
lower  and  higher  Reynolds  numbers. 

Mr  Kavrak:  For  this  particular  aerofoil,  flow  separation  takes  place  very  close  to  the  leading  edge.  Both  the 
boundary  layer  and  the  wake  contain  turbulence  of  a  special  character,  which  is  certainly  not  fully-developed.  As 
is  evident  from  the  spectrograph  of  the  fluctuating  pressure,  it  does  show  periodicity  with  a  large  harmonic  content. 
The  wavelength  of  the  fundamental  is  given  by  Equation  IS.  The  velocity  defect  law  (Eqn.  1)  is  for  such  turbulent 
wakes;  in  fact,  in  most  any  turbulent  wake  some  scale  effect  exists. 

The  range  of  Reynolds  numbers  covered  was  between  4  x  104  and  2  x  10s.  The  spectrograph  of  Figure  6  is 
typical  of  this  range,  that  is,  the  characteristics  of  the  spectra  in  that  range  were  nearly  identical  with  each  other. 

A  mathematical  model  of  the  waveform  for  the  fluctuating  pressure  has  been  given  in  Reference  7,  where  it  was 
shown  that  the  model  was  applicable  over  a  range  of  Reynolds  numbers.  I  agree,  however,  that  it  would  be 
interesting  to  determine  the  applicability  of  both  the  velocity  defect  law  and  the  waveform  model  at  higher 
Reynolds  numbers. 


Discussion  of  Paper  25 

“The  Noise  Characteristics  of  a  Large  *0680’  Rotor” 
by  J.W.Leverton,  presented  by  C.V.Cook 

Dr  M.V.Lowson  replied  to  discussion  in  Mr  Leverton’s  absence 


Dr  Lowson:  I  guess  I  am  standing  here  in  my  role  as  consultant  to  Westland  Aircraft,  although  I  should  make  it 
clear  that  the  preceding  paper  is  entirely  the  work  of  John  Leverton.  Before  answering  any  points  I  would  like  to 
make  three  comments. 

1 .  It  was  very  interesting  to  find  that  Leverton  has  classified  Rotor  Noise  into  the  same  three  categories  as  myself, 
that  is  discrete  frequency,  low  frequency  broad  band,  and  high  frequency  broad  band.  The  general  agreement 
arrived  at  quite  independently  in  entirely  different  tests  seems  to  be  a  powerful  argument  in  favour  of  this 
three  component  model.  Many  of  the  general  trends  of  Leverton’s  results  are  also  rather  similar  to  those 
obtained  at  Loughborough.  One  significant  difference  is  the  effect  of  thrust  on  the  high  frequency  noise.  The 
tests  at  Loughborough  University  showed  this  source  to  be  strongly  affected  by  tip  incidence  or  in  other  words, 
by  thrust. 

(Written  comment  by  Mr  Leverton;  “The  three-source  approach  was  originally  adopted  by  myself  following 
model  tests  at  ISVR  in  1967/68  and  confirmed  in  full  scale  tests  at  WHL  when  I  joined  them  in  1969/70. 

Even  so  it  should  be  stated  that,  except  for  Dr  Lowson’s  recent  work  at  Loughborough,  this  approach  does 
not  appear  to  have  been  used  by  any  other  investigators”) 

2.  The  Direct  application  of  the  empirical  loading  models  developed  by  John  Ollenhead  and  myself  in  our  earlier 
papers  does  not  give  results  in  agreement  with  the  discrete  frequency  levels  measured  by  Leverton.  It  seems 
that  each  famiiy  of  rotors  requires  different  empirical  loading  information  to  establish  the  discrete  frequency 
levels  theoretically. 

3.  It  does  appear  that  blade  loadings  used  by  Leverton  were  rather  lower  than  would  normally  be  used  on  a 
helicopter.  This  can  be  seen  by  reference  to  the  Clt  values  given  in  his  Table  1 .  At  the  higher  levels  of 
blade  loading  his  results  do  appear  to  follow  the  accepted  TJ  law,  and  it  would  appear  that  his  data  follows 
the  general  trends  suggested  by  Widnall  as  also  presented  in  my  own  puper  at  this  conference. 
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Mr  Schmitz:  Please  comment  on  the  possibility  of  vortex  int<  "tions  in  the  experiment.  What  acoustic  differences 
from  a  rotor  hovering  out  of  ground  effect  are  expected? 

Dr  Lowson:  The  Loughborough  experiments  were  carried  out  on  a  seven-bladed  fan.  Immediate  vortex  intersections 
seem  unlikely,  and  are  not  suggested  by  either  the  acoustic  or  aerodynamic  measurements.  The  tests  were  on  a  flow 
with  gross  recirculation  not  typical  of  a  hovering  rotor.  However,  the  noise  generation  mechanisms  would  be 
expected  to  be  very  similar,  particularly  when  considered  via  an  aero-acoustic  transfer  function  approach. 

Mr  Cook:  The  vortex  paths  of  this  2  bladed  rotor  operating  in  the  inverted  position  were  studied  in  a  similar  manner 
to  that  described  in  Paper  No.  3  (The  Structure  of  the  Rotor  Blade-Tip  Vortex)  of  these  proceedings.  Flow 
visualisation  using  smoke  showed  that  the  tip  vortex  moved  above  the  plane  of  the  disc  until  the  following  blade 
passed,  then  it  was  swept  into  the  wake  in  a  manner  similar  to  that  observed  on  the  single  bladed  case.  The  blade 
does  not,  therefore,  intersect  a  tip  vortex. 

The  details  of  the  steady  loading  on  the  blade  are  however  slightly  different  from  those  of  an  isolated  rotor  in 
the  immediate  vicinity  of  the  tip  vortex  from  the  proceeding  blade.  The  effect  of  the  ground  is  to  move  the  vortex 
above  the  disc  whereas  it  is  possible  that,  in  the  absence  of  any  obstruction,  the  vortex  from  the  proceeding  blade 
would  lie  in  or  below  the  tip  path  plane.  However,  this  change  in  position  does  not  have  the  dramatic  effect  on 
the  blade  loading  that  might  at  first  be  expected.  The  fact  that  the  vortex  is  above  the  blade  does  not  change  the 
sense  (or  sign)  of  the  downwash,  only  the  radial  component  of  the  induced  velocity  changes  in  sign.  The  blade 
loading  in  the  vicinity  of  the  vortex  would  not  therefore  change  materially  due  to  the  vortex  being  above  the  blade, 
only  the  relative  distance  of  the  vortex  from  the  blade  would  effect  the  loading  in  the  immediate  vicinity  to  any 
extent.  , 


Additional  Comments 
by 

Mr  J.W.Leverton 

The  sound  generated  by  a  rotor  is  a  function  of  the  blade  loading  and  obviously  changes  in  the  spanwise 
distribution  and  the  position  of  the  tip  vortex  will  have  an  affect  on  the  noise.  Taking  into  account  the  comment 
given  above,  however,  it  is  thought  that  these  effects  would  be  small  and  have  more  influence  on  the  absolute 
amplitude  rather  than  on  the  trends/characteristics  discussed  in  this  paper.  The  results  presented  have  been  compared 
to  those  obtained  from  the  same  two  bladed  rotor  operating  on  the  same  whirl  tower  in  the  conventional  manner 
and  with  model  rotor  results.  All  these  rotors  exhibit  similar  trends  but  the  scatter  of  results  is,  in  general,  larger 
when  the  rotors  are  run  the  “correct  way  up".  This  is  considered  to  be  due  to  the  effects  of  recirculation. 
Comparison  of  the  two  sets  of  full  scale  rotor  results  shows  that,  although  the  level  of  the  “broadband  noise”  is 
lower  on  the  “clean  rotor”,  the  level  of  the  first  1  S/20  rotational  noise  harmonics  appear  to  be  about  the  same 
order.  Except  for  these  differences  the  two  rotors  show  the  same  type  of  dependancy  with  changing  thrust,  tip 
speed  etc.  It  is  reasonable  to  assume,  therefore,  in  the  context  of  this  paper  that  the  influence  of  the  “ceiling 
effect”  is  small. 

With  regards  the  point  on  a  “hovering  out  of  ground  effect  rotor”,  intuitively  the  levels  would  be  expected  to 
be  nominally  lower,  but  again  based  on  the  evidence  the  parameters  appropriate  to  the  various  noise  sources  would 
be  expected  to  be  the  same. 
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TRANSCRIPT  OF  THE  TAPE  OF  THE  ROUND  TABLE  DISCUSSION 
HELD  AFTER  THE  PRESENTATION  OF  PAPERS 


Mr  Yaggy:  We  began  the  Meeting  by  talking  about  rotor  wakes,  and  then  we  had  a  session  which  looked  at  the 
rotor  in  hover  and  high  advance  ratio,  unsteady  air  loads,  and  then  the  rotor  airfoil  design.  All  of  these  were 
purposefully  integrated  to  show  the  complex  picture,  in  the  fluid  dynamics  sense,  that  occurs  in  the  rotorcraft. 
One  of  the  problems  which  arises  of  course  is  that  of  coupling  all  of  these  various  investigations  in  various  areas 
into  a  meaningful  analysis  which  will  improve  both  the  design  characteristics  in  terms  of  productivity  and 
efficiency,  and  the  various  factors  which  were  covered  in  the  session  on  rotor  configurations,  and  also  to  solve 
many  of  the  problems  that  arise  in  the  rotorcraft  from  the  dynamic  experience. 

It  is  quite  obvious  when  one  investigates  the  characteristics  of  the  rotorcraft,  and  projects  its  use  in  the 
future,  that  if  it  is  to  accomplish  a  greater  capability  than  it  has  to  date,  it  will  be  necessary  that  it  provide 
several  factors.  For  the  civil  situation  it  must  obviously  be  more  efficient,  it  must  be  able  to  operate  out  to 
reasonable  ranges  of  say  100  to  200  miles  or  perhaps  250  300  kilometers.  It  must  be  necessary  that  it  operate 

to  a  reasonable  time  factor,  that  it  provide  good  ride  quality,  and  that  it  be  able  to  do  all  this  in  a  cost-effective 
manner,  which  means,  of  course,  that  it  must  be  a  durable  machine  with  considerable  reliability  and  reduced 
maintenance  cost.  In  the  military  application  these  factors  pertain,  as  do  others,  particularly  the  reduction  in 
detection,  the  subject  we  have  just  discussed  on  noise,  and  again  the  ability  to  live  in  a  hostile  environment. 

Thu*  LtnpTi.  vunenu  will  cut  be  retrieved  uni™  vt  vs  abk  Lc  put  t  gather  il  the  vnfr>«  Ifc&ars  <n  the 
fundamental  areas  of  discipline  which  we  have  been  discussing. 

One  does  not  have  to  look  very  far  to  realize  that  rotorcraft  have  developed  somewhat  empirically.  In  most 
situations  a  trial  and  error  method,  rather  than  a  scientific  approach  in  an  orderly  fashion  was  used.  Also,  one 
would  not  have  to  look  very  far  to  realize  that  the  barrel  from  which  we  have  extracted  this  empiricism  is  empty, 
there  is  no  more.  So,  if  we  are  to  realise  the  purposes  of  this  discussion,  in  which  we  have  reviewed  the 
potential  and  future  of  rotorcraft,  we  must  allot  priorities  to  the  various  factors  which  have  arisen,  so  that  we 
can  apply  our  resources  to  those  of  high  priority  with  prospect  of  good  payoff,  and  then  move  on  in  an  orderly 
fashion  to  the  next  series  of  events.  It  would  occur  to  us,  if  we  look  at  the  findings  that  we  have  to  date,  that 
in  many  instances  we  cannot  quantify  them  adequately,  even  to  know  what  their  potential  is.  In  many  instances 
where  we  have  applied  classical  methods  and  have  arrived  at  what  we  consider  to  be  ideal  values,  there  are  things 
which  are  arising  at  this  time  which  would  make  us  question  whether  they  really  are  the  ideal  value.  Conse¬ 
quently,  it  wooid  bt  otn  hope  that  horn  this  giotip  ol  specialists  &ful  these  presentations  which  wt  lian.  had, 
there  would  be  some  direction  for  future  research  effort,  and  there  would  be  some  thought  as  to  what  our 
priorities  might  be.  So,  perhaps  in  this  roundtable  discussion,  some  opinions  and  expressions  regarding  this 
can  be  had.  We  may  leave  then,  with  some  indication  as  to  what  we  collectively  feel  is  the  proper  approach 
to  the  future  research  effort. 


Professor  Ham:  Since  my  overall  impression  of  the  meeting  will  be  expressed  more  formally  in  the  evaluation, 

I  would  like  to  restrict  my  comments  to  something  quite  specific,  namely,  the  question  of  blade-vortex  interaction 
As  we  have  seen  in  these  three  days,  this  is  a  most  important  subject,  not  only  in  calculating  those  unsteady  air 
loads  which  determine  the  fatigue  life  of  the  structure,  the  vibration  level  of  the  aircraft,  but  also  having  a  pro¬ 
found  influence  on  the  noise  generated  by  rotary  wing  devices.  Since,  if  you  show  a  Professor  a  blackboard,  he 
must  use  it,  1  will  move  over  here.  What  1  am  proposing  to  do  is  to  discuss  some  research  that  has  been  going 
on  at  MIT,  very  briefly. 

This  research  started  about  3  years  ago,  initially  sponsored  by  Langley  Research  Center  of  NASA  and  more 
currently,  by  the  Army  Research  Office  in  Durham.  To  go  through  this  rather  quickly,  what  we  have  is  a  model 
with  a  single  rotating  blade  (there  is  a  counter-weight,  but  I  will  not  draw  that),  then  we  generate  upstream  in 
the  wind  tunnel  a  vortex  from  a  wing,  mounted  vertically  in  the  tunnel.  We  let  this  blade  see  the  vortex  by 
sweeping  around  over  it.  Then  we  have  eight  pressure  transducers  at  the  3/4  radius  station  measuring  differential 
pressure.  At  the  same  time,  we  have  looked  theoretically  at  the  distribution  of  airloading  on  the  blade  considered 
as  a  lifting  surface.  Drawing  the  other  view,  there  is  the  blade  in  edge  view  and  there  is  the  vortex,  down  below. 
Just  to  idealize  the  loading  generated  in  this  situation,  it  looks  something  like  that.  The  first  thing  I  would  like 
to  mention  that  comes  about  in  such  a  situation  is  that,  in  the  near  vicinity  of  the  blade  vortex  pair,  the  center 
of  pressure  can  shift  substantially  from  the  1  /4  chord  point.  Now  that  we  are  worrying  so  much  about  highly 
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loaded  rotors  in  hover  with  the  vortices  moving  in  in  the  tip  region  and  staying  close  to  the  rotor  blades  for  a  good 
period  of  time,  it  is  possible  that  there  are  some  twisting  effects  generated,  especially  in  the  vicinity  of  the  tip. 

The  next  thing  of  interest  is  that  if  you  look  at  this  vortex-induced  loading,  there  will  be  counter  vortices 
generated  as  a  result  of  the  loading  induced  by  the  vortex  on  the  blade.  These  would  appear  in  the  simple 
picture  as  counter  vortices  opposing  the  rotation  of  the  primary  vortex.  In  our  rather  long-term  investigation 
of  calculation  of  the  unsteady  airloads  on  rotors,  we  have  found  that  after  a  vortex  has  seen  a  blade  it  seems 
to  get  weak  and  tired,  so  that  if  another  blade  sees  this  same  vortex,  the  vortex  strength  has  apparently 
weakened.  Possibly  the  reason  for  that  is  a  rolling  up  of  these  three  vortices  in  this  idealized  picture  to  form  one 
weaker  vortex.  The  fins!  thing  I  wanted  to  mention  on  this  subject  was  what  appears  to  be  a  dynamic  stall 
induced  during  close  blade  vortex  interaction,  if  you  take  the  peak  differential  pressure  Ap  non-dimensionallzed 
by  dynamic  pressure  at  the  station  where  the  pressure  transducers  signal  and  take  the  peak  value,  call  it  the  peak 
pcalUw  and  ihl*  tin  peak  negative,  plot  that  txpmauulty  igunat  vortex  spacing  in  number*  of  chord  lengh.  This 
is  the  distance  h.  Then  that  experimental  pressure  expressed  in  this  manner  will  look  like  that,  and  when  compared  with 
our  full  lifting  surface  theory,  when  the  vortex  gets  closer  Ilian  about  1  / 2  chord  to  the  blade,  we  no  longer  correlate 
with  the  theory.  The  other  aspect  is  that  this  is  of  the  order  of  about  0.5  which  is  not  a  high  non-dimensional 
pressure  at  all.  It  corresponds  to  an  angle  of  attack  like  1  or  2°,  so  you  would  not  expect  separation  problems. 

In  the  last  month  we  succeeded  in  visualizing  separations  during  this  process  by  mounting  a  camera  which  looked 
at  the  blade  as  it  rotated,  putting  smoke  out  of  a  T-shaped  probe  in  this  vicinity.  We  have  seen  evidence  visually 
of  both  leading  edge  and  trailing  edge  separation  of  the  flow  over  the  blade  surface.  There  is  a  lot  more  to  this 
airloads  problem  than  we  have  yet  put  into  our  theoretical  work. 


Fig.l  Blade-vortex  interaction 
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Mr  Reichert:  I  would  like  to  make  a  more  general  comment.  In  my  opinion,  the  large  improvement  in 
helicopter  techniques  up  to  now  has  depended  less  on  progress  in  aerodynamics,  and  more  on  the  systematic 
exploitation  of  other  design  possibilities  and  a  better  understanding  of  some  dynamic  and  structural  conditions. 

But,  as  the  real  aerodynamic  boundaries  have  been  reached,  aerodynamics  became  more  important  and  a  directly 
related  effort  in  research  is  a  consequence.  For  the  helicopter  engineer  the  question  arises  “can  this  new  research, 
in  the  sense  of  basic  research,  be  helpful  for  design  work  within  the  near  future?”.  It  is  my  feeling  that  for  the 
next  design  the  engineer  will  have  to  live  with  the  tools  of  today.  Therefore,  we  should  divide  the  problem  into 
short  term  and  long-term  programs.  For  the  next  designs  we  can  only  get  some  improvement  by  improved 
semi-empirical  methods.  As  a  long-term  program,  we  should  do  basic  research,  but  we  should  keep  in  mind  that 
new  theories  will  be  of  technical  value  only  when  engineering  applications,  which  are  not  too  sophisticated  and 
complex  can  be  found  afterwards.  In  my  opinion,  the  main  areas  for  research  should  be  rotor  unsteady  airloads, 
including  stall,  and  rotor  airfoils.  The  situation  as  it  exists  at  the  moment  forces  the  helicopter  engineer  to  be 
conservative  and  progress  is  in  small  steps.  He  will  keep  as  close  as  possible  to  the  region  of  his  experience,  and 
he  will  use  theoretical  tools  more  or  less  as  means  for  interpolation  and  extrapolation.  We  should  do  more,  if  we 
want  further  progress  in  helicopter  technique  with  improvement  at  high  speed,  but  we  also  need  better  understanding 
for  necessary  improvements  within  the  limitations  of  today  -  in  areas,  for  instance,  like  noise  or  aerodynamically 
induced  vibrations,  mainly  in  the  transition  region. 


Dr  Jones:  I  have  one  comment  to  make  first  of  all  about  the  conference  itself.  I  have  a  feeling  that  helicopter 
aerodynamics  has  come  of  age,  even  if  only  because  it  is  now  recognize  J  by  a  fluid  motion  panel  as  being  a 
subject  worthy  of  study.  To  have  noise  accepted  also  as  an  aerodynamic  problem,  instead  of  an  engineering  problem, 
is  a  big  step  forward.  There  are  many  things  one  could  say  about  the  conference,  but  v.e  all  want  to  arrive  at 
some  kind  of  conclusion,  and  1  would  like  to  make  a  point  about  the  blade-vortex  interaction.  This  has  been  the 
subject  of  study  for  a  long  time,  and  intensively  so,  to  my  knowledge  ,  for  ovei  12  years.  It  is  now  a  standard 
design  tool;  by  no  means  precise,  but  it  is  a  standard  design  tool.  We  have  taker,  the  greatest  advantage  in  the 
hover  as  we  discussed  earlier  this  week,  and  there  are  reasons  for  thinking  that  in  forward  flight  it  is  not  really 
very  important  at  all.  Indeed,  on  a  vibration  problem  which  we  had  to  deal  with  just  recently  at  high  speed, 
it  was  the  uniform  inflow  and  not  the  variations  in  the  inflow  which  mattered.  One  can  go  on  thinking  of 
examples  of  this  kind  for  some  time.  Therefore,  my  recommendation  really  would  be  that  we  should  pay  much 
less  attention  to  bladc-vortex  interaction  in  future.  There  are  many  other  areas  which  need  investigation,  such  as 
airfoils,  and  there,  I  think  we  should  consider  also  the  possibility  of  raised  tip  speeds.  If  we  arc  to  increase  the 
efficiency  of  rotors,  both  structurally  and  aerodynamically,  I  think  we  shall  have  to  raise  tip  speeds.  This  will  in 
itself  tend  to  reduce  the  retreating  blade  stall  problem,  but,  of  course,  it  will  make  the  advancing  blade  problem 
rather  more  difficult.  On  the  other  hand,  I  think  that  techniques  available  to  us  from  general  aerodynamics  for 
dealing  with  the  advancing  blad>  are  better  than  the  ones  available  to  us  for  dealing  with  the  non-steady  stall  on 
the  retreating  blade.  Especially  as  all  one  is  doing  is  working  to  get  a  little  bit  of  extra  lor  nothing  on  the 
retreating  blade.  I  would  recommend,  personally,  increased  study  of  tip  speed  effects. 

There  are  many  other  aerodynamic  problems  which  are  of  great  interest  to  the  helicopter  designer.  For  instance, 
normally  the  aircraft  flies  slightly  nose  down  to  get  propulsive  force,  and  this  means,  since  the  body  is  a  low 
ssptx".  Ittfio  W&ig  With  s  Mgntfw  angle  ol  atiAck  that  sepwwlicr  vof tie*l  kavk.g  If#  bjdy  ur«l  pv-wJuriog 
quite  a  substantial  downward  lift  and,  of  course,  a  very  annoying  nose-down  pitching  moment  which  has  to  be 
got  rid  of  at  the  tail.  This  also  produces  a  downward  lift.  These  effects  an  much  greater  than  effects  of 
variations  in  the  efficiency  of  the  rotor.  So  there  are  many  areas  to  which  we  could  turn  our  attention. 

Professor  Valensi:  I  will  speak  rather  as  an  aerodynamicist  and  will  say  a  few  words  about  the  discussion  I  had 
already  with  my  friend  Mr.  Hirsch,  with  whom  I  used  to  work.  I  will  concentrate  my  comments  mainly  on 
aspects  concerning  the  prediction  of  the  aerodynamic  characteristics  of  the  rotor.  The  first  sessions  concerned  rotor 
wakes.  From  what  we  heard,  their  precise  configuration  in  hovering  is  nowadays  the  subject  of  advanced  investi¬ 
gation,  particularly  thanks  to  the  numerical  computers  available. 

Most  of  the  authors  have  focussed  their  attention  on  the  tip  vortex,  as  responsible  for  the  greater  part  of  the 
induced  flow.  As  a  matter  of  fact  the  tip  vortex  is  the  most  spectacular  feature  of  the  wake.  However,  it 
wJiistiTUtes  C'/ily  a  pill  Of  the  Woke  aS  ProfeBoT  VotMtg  pointed  out.  It  mtiSt  te  StTtSStd  that  Hit  tip  YUfttX  is  not 
a  vortex  in  the  mathematical  sense,  but  rather  a  locus  of  concentrated  vorticity  diffusing  in  time  and  space. 
Consequently,  it  would  seem  appropriate  to  introduce  viscous  effects  in  the  analysis.  On  the  other  hand,  as  has 
oeen  shown  by  different  authors,  the  tip  vortex  is  influenced  in  intensity  and  configuration  by  the  shape  of  the 
blade  tip.  These  observations  suggest  the  possibility  of  looking  for  an  optimal  shape  of  the  tip. 

Itakuuiiiy  rJw  cuttOgwaiJol  of  thi  wake  ran  Ur  hotiutahlp  iulucnoed  ihe  fumbt1  and  fitftir  Cunpujmti 
of  the  craft.  Dr  Jones  has  just  pointed  out  the  effect  of  the  incidence  of  the  fuselage.  Ibis  aspect  needs  more 
investigation. 
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In  Session  3  very  interesting  correlations  between  theory  and  experiment  were  presented  concerning  the 
aerofoil  in  unsteady  motion,  pitching  and  drag.  Most  important  from  our  point  of  view,  are  the  attempts  to 
extend  these  investigations,  theoretical  and  experimental,  in  the  stall  region  when  boundary  layer  behaviour  is 
to  be  considered.  This  is  a  necessary  introduction,  a  first  step,  to  the  study  of  three-dimensional  cases  which 
must  be  tackled  afterwards.  _  * 

My  third  comment  concerns  the  shape  of  the  section  of  the  blade  in  compressibility  effects.  We  have  been 
much  impressed  by  the.  potential  of  the  new  method  of  calculation,  as  applied  to  the  determination  of  the  three- 
dimensional  flow  around  wings  in  the  transonic  regime.  We  should  now  be  able  to  predict  rotor  characteristics 
which  it  is  most  important  to  know.  It  seems  consequently  necessary  to  push  forward  such  investigations  in  order 
to  advance  our  understanding  of  the  phenomena. 

In  conclusion,  I  would  like  to  recall  the  words  of  our  distinguished  President  at  the  meeting  last  year  in 
Langley  Field,  “Research  in  the  area  of  rotor  aerodynamics  should  include  the  accommodation  of  data  to 
demonstrate  the  effects  of  camber,  twist,  number  of  blades,  aspect  ratio,  variable  geometry,  Mach  number  on  forward 
flight-rotor  performance,  and  the  associated  characteristics  of  the  wake  geometry.”  From  the  papers  which  have 
been  presented  here,  it  seems  that  we  are  now  in  a  position  to  predict  these  different  effects  to  a  good  approximation 
by  calculation,  so  long  as  the  transonic  regime  is  not  considered.  It  seems  to  me,  from  ail  the  papers  presented, 
that  a  much  better  understanding  of  the  involved  mechanism  of  the  airflow  through  the  rotor  and  the  interference 
with  the  fuselage  and  the  ground  must  be  achieved  by  good  basic  research. 


Mr  Y„ggy:  As  Professor  Valensi  has  just  noted,  this  is  not  the  first  time  that  we  have  considered  the  conglomeration 
of  problems  which  face  us.  I  do  not  think  it  will  be  the  last.  As  we  have  ascertained  thus  far  from  the  comments 
from  the  table,  there  is  some  disparity  of  opinion  as  yet  on  which  way  we  ought  to  go.  1  would  suggest  that  this 
is  somewhat  inherent  in  those  who  made  the  comments,  since  two  of  them  are  basic  researchers  and  two  of  the 
others  are  production  people.  Therefore,  I  think  we  have  this  problem.  Perhaps  you  have  some  thought  at  this 
time  that  you  would  like  to  share  with  us  from  the  floor.  Would  someone  like  to  enter  into  the  roundtable? 


Prof.  Kiichemann:  I  should  like  to  make  one  brief  remark  of  a  general  nature.  If  you  ask  me  which  is  the  problem 
that  is  really  sticking  out  most  to  an  outsider,  not  a  helicopter  man,  then  I  would  say  it  is  the  problem  of  vibrations. 
This  must  affect  the  aerodynamic  design,  the  structural  design,  and  the  systems  design  to  a  very  high  degree.  It  must 
affect  the  first  cost  of  the  helicopter  and  the  maintenance  costs,  and  so  this  is  really  a  serious  problem.  Most  of 
these  vibrations,  as  far  as  I  can  make  out,  are  aerodynamically  excited.  There  is  here  a  real  job  for  the  aerodynamicist: 
to  reduce  or  to  eliminate  the  sources  of  vibration.  I  am  always  saying  that  if  you  want  to  solve  problems,  you 
ought  to  practice  the  art  of  the  soluble.  One  should  not  try  to  undertake  something  which  cannot  be  done  with 
the  tools  we  have.  If  one  is  thinking  of  dealing  with  the  vibration  sources  in  a  theoretical  way,  then  this  seems 
extremely  difficult  to  me;  if  we  really  wanted  to  treat  the  three-dimensional  rotating  blade  properly  with  all  these 
unsteady  flows,  I  would  not  expect  that  a  complete  theoretical  solution  would  be  in  sight.  But,  on  the  other  hand, 

I  think  some  special  problems  could  now  well  be  tackled  on  the  theoretical  side.  One  I  would  suggest  is  the 
question  of  tip  vortices,  which  kept  on  coming  up,  even  when  considering  noise.  As  shown  by  some  of  the  very 
beautiful  photographs  and  films  we  have  seen,  these  are  things  which  can  be  described  by  the  classical  vortex 
theory  model,  where  one  deals  with  a  continuous  sheet  that  rolls  up  along  the  edges.  1  think  that  the  time  has  come 
when  one  can  give  up  making  these  very  much  simplified  models  of  cores  and  lines  and  things  that  “age”  or 
“weaken.”  One  could  attempt  to  use  a  sheet  model  and  fulfil  the  boundary  conditions  properly  and  use  a 
computer.  It  is  a  three-dimensional  problem,  of  course,  but  I  think  that  that  is  one  of  the  problems  theoretical 
people  could  now  tackle  with  some  hope  of  success.  If  I  say  that  there  will  be  many,  many  problems  where  a 
theoretical  solution  is  not  in  sight,  then  the  question  arises  as  to  how  one  gets  the  answers,  which  we  do  need, 
after  all,  even  if  we  proceed  in  small  steps,  as  has  been  suggested.  There  I  am  a  bit  surprised  that  this  question 
has  not  been  brought  up  more  forcefully  at  the  meeting.  I  would  have  expected  that  the  helicopter  people,  the 
designers  in  particular,  would  have  got  up  one  by  one  and  would  have  said  that  now,  especially  since  the  empirical 
barrel  is  empty,  we  want  more  tests  in  windtunnels,  such  as  those  we  heard  about  in  the  Ames  40ft  by  80ft 
tunnel  and  in  the  SI  tunnel  at  Modane.  We  want  more  tests  done  of  that  kind,  we  want  more  special  rigs.  I 
would  have  expected  that  they  would  have  cried  out  for  some  new  large  tunnel  where  one  can  test  much  larger 
model!  wliidi  lit  rrpflrwmsiin  of  Xulkacak*  cortatucUon  and  where  Mietwwmbrt  rfln-u  and  Rt^?ld*nurubrj 
effects  can  really  be  investigated  in  some  detail.  As  an  outsider,  1  am  rather  surprised  that  this  question  has  never 
been  raised;  i.e.,  what  kind  of  tools  do  we  need  if  we  want  to  solve  the  problems  which  are  facing  us? 


Mr  Yaggy:  I  have  one  comment  before  we  move  on,  and  that  is  that  I  think  that  it  is  surprising  that  that  did  not 
happen.  I  can  only  feel  that  perhaps  we  do  not  have  as  large  a  representation  of  designers  as  we  have  of  fundamental 
aerodynamicists  in  our  midst,  and  that  is  probably  the  reason.  Many  of  you,  perhaps,  are  aware  that  Prof.  Kiichemann 
chairs  the  group  on  large-scale  wind  tunnel  studies  for  the  AGARD  at  the  present  time,  and  there  is,  from  other 
quarters,  a  very  large  pressure  for  larger  tunnels  to  test  and  get  more  validating  information  for  the  methodology* 
which  is  being  developed.  I  would  not  want  you  to  leave  Prof.  Kiichemann  thinking  that  there  still  is  not  such  a 
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demand,  because  there  is.  Perhaps  a  point  that  is  not  coming  out  very  strongly  is  that  the  methodology  which  is 
being  developed  and  which  we  have  seen  to  a  large  extent,  must  ultimately  be  verified.  I  think  this  was  the  heart  of 
Dr  Johnson’s  comments  on  Mr  Ward’s  paper,  that  if  we  are  not  able  to  understand  and  comprehend  the  models  that 
we  place  on  the  computer,  we  cannot  expect  to  get  very  far.  The  physical  scientific  aspects  of  those  models  must  be 
understood.  Otherwise,  the  operations  which  we  go  through  may  be  producing  some  form  of  an  answer,  but  we  have 
no  confidence  in  the  validity  of  that  answer.  This  can  only  be  done  in  what  really  ought  to  be  termed  full-cyclic 
research,  where  first  the  methodology  is  developed,  or  vice-versa;  the  methodology  is  developed  as  a  result  of 
experiment  or  verified  therein.  This  is  the  only  way  that  one  can  approach  with  confidence  the  aspects  which 
we  hope  to  develop  regarding  a  low-risk  design  factor.  1  think  sometimes  we  tend  to  forget  that  the  purpose 
of  developing  the  fundamental  aerodynamics  and  dynamics  is  the  ultimate  development  of  design  techniques  which 
can  be  applied  with  confidence  to  increase  the  capability  of  the  vehicle  under  consideration.  One  of  the  reasons 
we  introduced  the  section  on  configurations  was  that,  as  we  often  say,  the  aerodynamicist  and  dynamicists  must 
live  in  the  real  world.  I  think  sometimes  we  tend  to  forget  that  and  the  comment  which  Dr  Klichemann  has  made 
in  this  regard  is  well  taken.  Vibration  is  perhaps  one  of  the  greatest  deterrents  to  the  greater  use  of  rotorcraft. 

This  can  only  be  solved  adequately  in  the  fundamental  sense  by  removing  the  exciting  factor,  and  not  by  taking 
it  out  with  dampen  and  ati  kinds  of  things  of  that  sort  as  we  have  in  the  past. 


Monsieur  So  uslez- Lari  were:  Je  vais  essayer  de  rdpondre  a  M  Yaggy,  Mr.  Jones  et  Mr  Lashka  dont  j’ai  note 
1’intervention.  De  toute  fa^on,  je  rdponds  dgalement  au  Dr  Kilchemann  puisqu’ici,  je  reprisente  une  industrie  qui, 
fabii  plant  des  hJlicupiirts  et  want  Je  fear  veirtt,  a  peat-dtre  un  point  dc  vut  btaototip  plus  pratique  qu<.  J'auires 
personnes  qui  s’occupent  davantage  de  faire  progresser  la  science  des  rotors.  J’ai  not£  d’abord,  dans  ce  que 
M  Yaggy  a  dit,  que  i’empirisme  dtait  termini  en  matiire  d’hilicoptires.  Je  suis  partiellement  d’accord  avec  celk. 

J’ai  exposi  tout  cet  historique  des  hiticoptires  et  des  voitures  tournantes  et  j'ai  montrt  combien  fempirisme  a 
iti  important. 

Les  helicoptires  actuels  ont  iti  essentiellement  fabriques  par  des  micaniciens  et  par  des  gem  qui  faisaient 
voter  J’heUcopWre  un  pet-  en  dipit  de  tontes  tes  ids  adrodytiMTiiqyes.  Je  w  ctois  pie  que  cette  suite  d’emptnvrie 
soit  terminie,  et  je  crois  qu’il  prevaudra  encore  beaucoup  durant  de  nombreuses  annies.  Par  contre,  il  est  certain 
que  nous  devons  de  plus  en  plus  nous  pencher  sur  les  phinom&nes  airodynamiques  qui  sont  lids,  et  que  I’airodynamique 
aura  dans  l’avenir  une  part  beaucoup  plus  importante  que  par  ie  passi  dans  le  prcgrds  des  machines.  Le  second 
point,  d’ailleurs,  c’est  celui  que  M. Lashka  a  ivoqui.  H  n’est  pas  raisonnabie,  je  pense,  d’itudier  au  point  de  vue 
thiorique  des  dispositions  qui  ne  sont  pas  rialisables.  On  ne  peut  pas  rialiser  et  faire  voler  n’importe  quoi  pour 
les  raisons  que  vous  connaissez:  les  hihcoptires  sont  des  machines  compliquees,  dilliciles  a  rendre  (tables.  Par 
consequent,  tous  ces  points  de  vue  du  rialisateur  doivent  rester  tris  presents  a  l’esprit  de  tous  et  le  choix  du  sujet 
4  itudier  au  point  de  vue  airodynamique  doit  quand  meme  tenir  compte  tris  itroitement  de  ce  qui  est  realisable 
et  de  ce  qui  ne  Test  pas. 

Enfin,  pour  ripondre  au  Dr  Jones,  ie  troisieme  point  est  un  point  de  detail,  mais  je  ne  peux  pas  entre 
d’accord  avec  son  idee  qui  consiste  4  chercher  4  progresser  en  augmentant  les  vitesses  peripheriques.  Je  pense 

dll  COillidiil.  que  id  It.lUallVC  du  vUUlS  dto  ailliit;,  ot.d  Jt  dilliilluvl  CC»  vitesses  pblipiiLi D’dbuld,  si 

on  augmente  la  vitesse,  on  augmente  le  Mach;  or  on  est  tout  4  fait  limite  entre  le  Mach  de  pale  avan?ante  & 

0.85  actuellement  et  Mach  0.95  par  exemple;  on  ne  peut  vraiment  presque  rien  gagner,  et  augmenter  la  vitesse 
penphenque  obugerait  a  diminuer  la  vitesse  de  fhilicoptere.  En  outre,  la  vitesse  periphdnque  joue  sur  la 
trafnde  du  profll,  sur  le  bruit,  toutes  sortes  de  choses  qui  sont  contraires.  Done,  la  tendance  de  ce  cdt£  14  me 
wrnfcli  Iff  beaucoup  plus  wn  urn.1  dlmtmtirai  d*i  viiitwe*  pdrlphialque*  et  un  une  plus  grande  lioneenttelkm 
d’efforts  sur  la  pale  reculante  et  tous  les  ph4nom4nes  d’hypersustentation  que  Ton  pourrait  trouver.  II  y  a  eu 
beaucoup  d’exemples  citds  sur  les  possibility  d’hypersustentation  de  la  pale  reculante.  Nous  sommes  actuellement 
4  un  Cz  de  l’ordre  de  deux  avec  les  phdnomines  instationnaires,  mais  trds  en-dessous  de  ce  qui  va  Clever  les 
performances  de  l’avion.  Par  consequent,  14,  je  crois  que  c’est  dans  l’autre  sens  qu’il  faudrait  agir. 

Mr  Yaggy:  Yes,  I  agree  that  perhaps  that  comment  that  the  empirical  barrel  is  dry  should  be  viewed  as  a 
comparative  one;  1  think  it  may  be  a  tittle  more  bare  than  we  think.  1  did  not  mean  to  confuse  engineering 
development  in  that  sense  with  empiricism.  I  think  engineering  development  in  that  sense  will  be  with  us  always, 
u  a  p&jpe?  tool  of  Itw  dvilgmr  1  wu  thinking  r.rotv  of  what  *«  sail  a  euHuKJpasW  of  cutn^ry  muffa  dology 
rather  than  something  based  on  a  fundamental  knowledge  of  the  scientific  phenomena  involved.  Perhaps  some  of 
the  other  members  of  the  panel  would  like  to  respond  to  the  comments  which  were  made. 


Dr  Jones:  Apart  from  the  tip  speed,  I  am  sure  we  can  get  along  comfortably. 

Mr  Reichert:  Can  1  made  one  short  comment  about  why  we  do  not  want  very  large  wind  tunnels.  If  there 
were  enough  money,  I  would  say  that  we  would  like  these  large  tunnels,  but  full-scale  rotors  need  nearly  complete 
development  and  so  cannot  be  a  model  for  development.  I  think  that  from  fight  testing  we  have  a  lot  of 


43 


B-6 


experience  with  large,  full-scale  rotors.  The  problem  of  translating  these  experiences  to  new  development  is 
the  same.  You  need  similarity  rules  and  so  on.  This  is  the  problem  with  smaller  models  also. 


Mr  Yaggy:  Yes,  I  think  if  we  go  back  to  that  area  again,  part  of  the  studies  that  we  have  made  in  the  wind  tunnel 
requirements  indicate  that  for  all  types  of  aircraft,  fixed  wing  as  well  as  rotary  wing,  the  ability  to  test  vehicles 
or  their  model  representations  at  large-scale  has  saved  not  only  a  considerable  amount  of  investment  in  flight 
hardware,  but  also  human  life.  This  is  a  result  of  identifying  areas  of  difficulty  such  as  instabilities  which  are  of 
primary  concern  to  the  rotor  designer,  and  thus  making  possible  many  programs  which  probably  otherwise  would 
not  have  been  pursued  because  of  the  risk  of  catastrophic  occurrences.  Your  point  is  well  taken  as  to  the  cost,  but 
I  think  that  one  has  to  evaluate  the  cost  honestly  in  terms  of  those  aspects  which  are  actually  cost  savings  or  cost 
avoidance.  That  is  not  an  easy  thing  to  convince  people  of,  and  I  am  sure  that  Prof.  KUchemann  is  well  aware  of 
that  at  this  time. 


Mr  Wilby  RAE  Farnborough:  Personally,  I  think  that  a  large  wind  tunnel  is  probably  essential  even  from  the 
research  aspect,  if  one  is  really  going  to  get  to  the  bottom  of  the  vibrational  problems  on  a  rotor.  I  think  one 
of  the  major  causes  of  vibration  must  be  the  retreating  blade  stall  problem,  the  dynamic  stall.  This  has  been 
studied  two-dimensionally  in  wind  tunnels  at  constant  Mach  number.  But,  is  this  really  going  to  tell  us  the  truth 
about  what  is  happening  on  the  real  rotor?  Well,  of  course,  the  Mach  number  that  the  blade  experiences  is  varied 
throughout  one  revolution,  and  we  have  seen  that  the  Mach  number  can  change  quite  a  lot  between  the  angle  of 
azimuth  at  which  aepetmlltA  onset  occurs  and  the  athaiucli  which  HwitscJuticni  occurs.  There  on  be  1 
considerable  change  in  Mach  number  and  this  involves  a  considerable  change  in  the  angle  of  attack  for  which  one 
can  maintain  attached  flow.  I  think  one  must  simulate  the  correct  variation  of  Mach  number,  as  well  as  the 
correct  variation  of  incidence  in  order  to  really  understand  this  pro b km  of  the  retreating  blade.  If  one  throws  in 
the  Reynolds  number  as  well,  then  this  is  calling  for  quite  a  large  rotor  and  quite  a  large  wind  tunnel. 


Monsieur  Hirsch,  Aerospatiale:  On  parle  toujours  beaucoup  dvidemment  de  pales  reculantes,  mais  peut-etre  faut-il 
aussi  pafiti  de  convertibles.  Pour  eux  en  partfcufier,  te  probidttie  dt  ia  pale  recutantc  ct  peut-dtre  aussi  It  piObldrnt 
de  la  vitesse  pdriphdrique  se  posent  de  manidre  moins  aigue.  Si  on  arrive  &  ce  moment  la,  a  une  bonne  compatibility 
entre  les  conditions  d’“hovering”  d’une  part  et  les  conditions  de  croisidre,  il  nous  semble  actuellement  qu’il 
deviendra  possible  i  assez  brefs  ddlais  de  conccvoir  des  convertibles,  ayant  en  meme  temps  que  les  vertus  de 
decollage  vertical,  celles  des  STOL,  actuellement  en  projet,  c’est-J-dire,  capable  de  voler  aux  alentours  de  750 
kilomdtres  d  1’heure. 


Dr  Stepniewski:  Gentlemen,  il  appears  to  me  that  here  we  are  suffering  from  the  general  disease  of  out  time, 
lots  of  analysis  and  not  enough  synthesis.  It  appears  to  me  that  we  tend  to  know  more  and  more  about  less  and 
less.  As  I  have  been  listening  to  all  the  presentations  of  aerodynamic  problems,  I  expected  that  somebody  would 
finally  come  out  and  say  itiai  if  you  apply  atf  the  knowledge  that  has  betTi  presented  here,  (hen  such  and  Such 
progress  in  the  overall  performance  may  be  expected  in  the  future. 

Let’s  look  at  the  helicopter.  The  classical  helicopter  in  forward  motion  is  probably  one  of  the  least  efficient 
vehicles  that  ever  existed.  Nevertheless,  because  of  its  completely  unique  hovering  and  vertical  flight  capabilities, 
it  is  generally  accepted,  but  its  forward  flight  deficiencies  still  remain  the  Achilles  heel  of  that  configuration.  It 
is  logical,  hence,  to  ask  the  following  questions:  With  all  the  beautiful  aerodynamic  knowledge  now  acquired,  what 
kind  of  progress  can  we  make  in  L/D  of  the  aircraft  as  a  whole?  Is  it  a  hopeless  problem,  or  can  we  move  some¬ 
where?  if  we  cannot  make  any  progress  in  L/D,  it  means  that  the  sphere  of  application  of  the  helicopter  will 
probably  remain  more  or  less  the  same  as  it  is  at  present  and  of  course,  what  we  should  do  in  that  case  is  to 
concentrate  our  R&D  efforts  on  other  than  aerodynamic  problems:  vibration,  maintenance  and  so  on.  If,  on  the 
hand,  it  is  possible  to  make  progress  in  L/D  of  the  helicopter  then,  of  course,  immediately  the  whole  field  of  its 
applications  could  be  expanded  and  more  effort  in  aerodynamics  would  be  required.  Is  there  such  a  possibility? 
Thii  in  fid’  't'K  queufctf  U  ,vm  tfwrt  pvt  rip*  juu  w  Mr  Hindi  nwwlowd  bitv*  wv  ih  sukl  Mat  into  wim 
other  configurations  that  have  almost  equally  good,  or  at  least  acceptable,  hovering  capabilities,  but  with  much 
better  forward  flight  characteristics  than  the  classical  helicopter.  This  is  a  very  basic  question  that  should  be 
answered.  1  am  really  addressing  it  to  the  panel  members  who  ate  connected  with  aerodynamics  arid  1  ask, 

“How  much  progress  is  expected  in  the  future  in  the  L/D  of  the  rotor  and  of  the  helicopter  as  a  whole?” 


Dr  Jones:  I  think  you  are  in  as  good  a  position  as  anyone  to  answer  that.  Where  can  the  gains  come?  Where  can 
’  the  gains  in  L/D  come?  I  do  not  think  there  is  much  to  come  from  the  rotor  itself,  except  possibly  in  the 
reduction  of  the  drag  of  the  hub  and  so  on.  Therefore,  1  would  suspect  if  there  is  any  change  in  overall  L/D 
il  Mill  csrw  font  the  fittctsg*  or  prrhxps  frrrii  ju:jv  tfittasnl  Mw  conOguHUOft  Thtre  h  -vol  r  gtt’l  &iP  h 
come,  I  think  that  we  know  that.  Then  the  question  is,  what  is  the  advantage  of  going  very  much  faster  in 
helicopters? 


B-7 


Mr  Yaggy:  FaJter  than  what? 


Dr  Jones:  Faster  than  we  go  now,  which  is  ISO  -  200  knots. 


Mr  Yaggy:  Perhaps  not  faster,  but  farther  on  a  gallon  of  fuel. 

There  is  a  great  deal  to  be  gained  from  an  increase  in  efficiency  of  this  sort.  That  is  really  what  I  was 
alluding  to  earlier.  You  talk  about  not  being  able  to  improve  the  L/D  of  the  rotor  as  a  whole,  but  I  saw  immediately 
that  you  stepped  on  Mr  Williams’  foot  when  you  said  that,  because  he  thinks,  and  perhaps  has  demonstrated  at 
least  partially,  that  there  is  a  potential  of  perhaps  considerable  increase  in  the  L/D  of  a  rotor.  This  is  the  thing  that 
we  should  be  careful  of,  because  there  are  perhaps  areas  that  we  have  not  even  quantified  as  yet  which  may  give 
us  significant  advance  or  potential  for  advance.  We  must  not  close  our  eyes  to  that.  What  we  come  to  is  a  kind  of 
decision  on  the  proportion  of  effort  we  should  give  to  the  intensification  of  research  in  the  fundamental  sense  and 
how  much  we  should  give  to  the  evolution  of  design  parameters  which  will  allow  a  better  design  at  this  point  of 
time.  That  is  perhaps  something  that  we  will  not  answer  today,  but  I  think  we  should  keep  it  continually  before  us. 
Did  we  answer  the  question?  I  do  not  think  we  did,  obviously.  Dr  Stefnewski  did  not  think  we  could  when  he 
asked  it. 


Dr  Stepniewski:  That  is  one  question  that  I  try  to  answer  in  my  mind  quite  often.  Probably  because  it  sits  there 
all  the  time,  I  am  asking  it  aloud:  What  kind  of  progress  can  really  be  made  in  classical  helicopter,  or  whether  the 
classical  helicopters  are  already  almost  at  the  end  of  their  natural  evolution.  If  this  is  so,  then  of  course,  we  are  on 
the  curve  of  diminishing  returns,  and  thus,  we  may  spend  a  lot  of  money  and  effort  in  order  to  make  very  little 
real  progress.  Perhaps  now  is  the  time  to  redirect  our  efforts.  On  the  other  hand,  when  we  try  to  look  at  all  other 
attempts  at  VTOL  that  have  been  made  in  the  past,  it  looks  as  though  the  helicopter  always  has  so  many  advantages 
that  even  compounding  (which  at  one  time,  looked  like  a  good  way  to  improve  the  performance  of  the  helicopter) 
becomes  less  attractive  because  it  introduces  immediately  many  more  problems  and  many  more  penalties. 

Another  question  that  often  comes  to  my  mind  is  how  we  can  expand  the  field  of  application  of  helicopters. 
When  you  start  to  think  of  the  civilian  application  which,  in  principle,  appears  to  contain  wide  possibilities,  then 
the  question  is  whether  we  need  an  improvement  in  L/D  in  order  to  go  into  the  commercial  and  especially  the 
transportation  field,  or  whether  by  lowering  the  cost  in  general,  and  improving  both  flying  and  riding  qualities, 
you  can  make  helicopters  more  attractive  to  the  potential  operators,  as  well  as  the  traveling  public.  But  regardless 
of  the  outcome  of  the  other  questions,  you  would  face  a  lard  constraint  of  noise,  which  may  be  in  conflict  with 
such  desires  as  improving  the  gross  weight-to-payload  ratio,  etc.  For  instance,  Dr  Jones  mentioned  before  that 
increasing  the  tip  speed  would  be  very  attractive  to  every  designer  because  it  would  immediately  start  to  decrease 
the  structural  weight,  but  what  about  the  probable  increase  in  the  noise  level?  Even  the  advanced  helicopters 
are  considered  too  noisy  for  acceptance  by  residential  communities. 

Admittedly,  here  are  all  of  these  conflicting  aspects,  and  the  question  now  is  in  which  direction  to  go  with 
research.  Probably,  that  is  exa\tty  what  Mr  Yaggy  wunW  Mke  to  know,  what  woioW  he  a  ptiipei  Wiatiu.  of  the 
effort  level  in  applied  research  for  classical  helicopters,  study  of  new  configurations,  and  of  course,  basic 
research?  Unfortunately,  we  are  probably  still  not  in  a  position  to  answer  these  questions.  My  personal  opinion  is 
that  as  far  as  L/D  of  the  helicopters  are  concerned,  we  cannot  expect  too  much  progress  in  configurations  based  on 
classical  rotors.  In  order  to  overcome  that  barrier,  new  rotor  concepts  are  required.  In  this  respect,  I  would  again 
like  to  ask  Bob  Williams  to  say  something  about  it. 


Mr  Yaggy:  While  Mr  Williams  is  deciding  to  volunteer,  of  course,  some  of  the  configurations  that  you  have  seen 
have  been  directed  in  that  way.  The  tilt  rotor  obviously  is  a  mechanism  for  accomplishing  this.  Before  I  give 
Bob  a  chance  to  speak,  though,  I  would  like  to  point  out  a  couple  of  things.  You  recall  the  calculations  which 
were  made  by  Frank  Harris.  They  indicate  that  as  far  as  the  blade  is  concerned,  there  is  a  tremendous  potential 
for  increase  in  L/D  except  for  the  fact  that  such  things  as  the  requirement  for  Varying  twist  distribution  with 
fomtd  -Mid  of  tfift  sort  prevent  cah  reafly  -athteving  ft.  Thwlswhw  fcob 
try  to  overcome  some  of  these  factors.  I  think  that  the  Mher  factor  that  should  be  kept  in  mind  is  the  one 
you  mentioned,  the  empty  weight  fraction  and  the  potential  of  new  materials  in  the  structural  aspects  of  the 
aircraft,  particularly  in  the  rotor  itself,  possibly  giving  the  ability  to  design  a  cleaner  hub  and  perhaps  a  better 
hub-pylon  juncture.  We  might  do  a  far  better  job  in  that  respect.  So,  there  seems  to  be  considerable  potential 
in  those  areas  for  an  improvement.  I  do  not  think  we  ought  to  be  terribly  pessimistic.  I  think  that  there  is 
a  real  opportunity  if  we  can  find  a  mechanism  for  doing  it.  Perhaps  it  calls  for  innovation  rather  than  for  the 
dog-work  of  orderly  development  in  that  sense.  I  think  that  is  what  makes  it  hard  to  decide  what  we  ought  to 
do  in  the  fundamental  research  area.  Perhaps  you  are  right  that  we  are  over  the  break  point  of  the  curve.  There 
must  be  a  continual  decision  as  to  how  much  of  the  rather  expensive  fundamental  research  should  be  done  in 
large  computer  effort,®  }"  (MtlgS  *(  th&l  Vt*  U 1  thf  wfH  V  Some  means  far  .^Ltt. r*I f f V  inf, 

that  is  required,  but  is  is  also  extremely  elusive. 

439 

--  •  i 


ftiliffii  ■  1  *  UiK-ikitwA, 


B-8 

Mr  Williams  -  US  Navy:  I  see  the  orientation  of  the  meeting  starting  from  a  group  of  aerodynamicists,  which 
we  are  primarily,  and  now  being  evolved  more  along  the  direction  of  design,  where  we  are  talking  about  integrating 
the  aerodynamics  of  the  rotor  and  the  fuselage.  We  are  also  bringing  out  weight.  After  all,  in  terms  of  performance 
and  productivity,  this  is  the  name  of  the  game.  It  is  the  overall  L/D,  and  it  is  that  empty  weight  fraction.  I  think 
perhaps  we  are  putting  our  finger  on  a  general  area  of  integration  of  design.  Perhaps  we  have  extracted  from  the 
“classical"  rotor  blade  the  last  few  percent  out  of  its  performance.  Figures  of  merit  are  getting  pretty  high  on 
rotors.  L/Ds  are  pretty  good  now.  However,  look  at  the  fuselage.  Even  after  the  “cleaning  up"  of  helicopter 
fuselages  which  has  come  about  in  recent  years,  they  are  still  filthy.  Aerodynamically,  they  are  filthy.  Why? 

Largely  because  of  the  interference  flows  around  the  hub  pylon  region,  which  are  aggravated  by  the  fact  that  we 
have  flapping  rotors  and  wc  have  to  put  these  things  so  far  up  in  the  air.  We  have  to  build  a  mound  to  set  them  on. 

So,  maybe  we  need  to  rethink  this  and  consider  going  to  stiffer  systems.  I  am  not  just  pushing  for  the  CCR 
concept,  but  in  general,  rotor  systems  need  to  be  married  to  the  fuselage,  to  give  something  we  can  consider  as  an 
overall  system.  Then  addressing  the  areas  of  difficulty  in  the  junction,  a  very  difficult  separation  problem  exists 
there.  We  do  not  at  present  have  the  analytical  tools  available  to  us  to  calculate  the  difficult  flow  in  this  region. 

We  just  close  our  eyes  and  say,  well,  there  are  going  to  be  a  few  things  sticking  out  in  the  air  stream,  but  it  is  too 
difficult  to  analyze.  Maybe  we  need  to  study  that  area  more.  Those  were  my  basic  comments.  I  believe,  of  course, 
the  circulation  control  rotor  is  the  eventual  solution.  It  would  use  an  untwisted  blade.  It  doer  have  a  possibility  of 
introducing  air  into  the  forming  tip  vortex  and  eliminating  the  vortex.  This  has  now  been  demonstrated  by  experiment. 
It  has  a  number  of  other  very  exciting  possibilities,  and  I  think  that  it  should  certainly  be  pursued. 

I  had  one  other  comment,  in  the  area  of  communications.  This  is  my  first  meeting  of  this  type  and  in  talking 
with  people  from  different  countries,  1  found  that,  for  example,  the  proceedings  of  the  last  American  Helicopter 
Society  Meeting  had  not  yet  found  their  way  to  many  of  the  participants  of  this  meeting.  Furthermore,  in  talking 
with  ipJMiials  (tern  vatLml  cmimrlai,  theis  suliO  l.  bt  difficuliki  i»  ffiktinftj  between  gcrvEramcnr  itui  [ftiwviry 
and  feeding  information  back  and  forth,  particularly  from  one  industry  to  another.  This  is  a  natural  problem  which 
is  to  be  expected,  but  a  lot  of  this  work  is  government  funded,  and  I  think  the  results  of  R  and  D  work  should  be 
available  for  exchange  between  individual  companies;  this  should  certainly  be  so  in  the  United  States. 


Mr  Yaggy:  You  would  have  to  talk  to  the  State  Department  about  that.  The  reason  we  sponsor  this  sort  of 
conference  with  AGARD  is  for  the  purposes  that  you  have  mentioned,  to  get  this  international  dissemination  of 
information. 


Mr  Williams:  As  a  final  word,  I  would  like  to  say  that  I  was  very  impressed  by  the  overall  level  of  technical 
sophistication.  I  think  that  rotary  wing  aerodynamics  have  really  reached  a  stage  of  maturity  at  this  meeting. 


Mr  Yaggy:  I  think  that  it  was  interesting  and  it  should  be  noted  that  some  of  the  work  presented  was  of  a  type 
that  is  often  overlooked.  That  is,  a  fundamental  investigation  of  the  effects  of  various  configurations,  configuration 
buildup  and  configuration  component  testing  of  this  sort.  It  is  a  type  of  effort  that  we  have  tried  to  get  under 
way  for  some  time,  so  far  without  success,  but  there  needs  to  be  a  systematic  investigation  of  variation  in  components 
such  as  pylon  shapes,  pylon  size,  pylon  height,  the  location  of  the  various  other  ancillary  equipment  on  the  aircraft, 
and  the  effect  of  the  rotor  wake  on  these  various  parts  of  the  vehicle.  This  is  something  that  has  not  been  done 
and  can  be  very  systematically  accomplished.  It  was  done  many  years  ago  for  a  fixed  wing  aircraft.  We  can  think 
beck  to  tlw  n.iry  ■uiifaS.ot  types  of  gohflgUrtHOfW  wW  wvt*  evident  In  the  «stly  day1  of  fifwd  whig  add  Ard  that 
they  finally  settled  on  a  monocoque,  generally  low  wing,  configuration  as  being  the  most  efficient.  Very  seldom 
does  one  build  anything  other  than  that.  Yet,  you  can  find  any  number  of  configurations  in  rotoreraft,  and  one 
does  not  really  know  whether  there  is  even  an  optimum  configuration.  One  would  suspect  that  there  might  be. 
Therefore,  we  would  seem  to  be  quite  far  behind  in  that  respect. 


Dr  Jones:  I  would  like  to  say  something  about  body  drag,  that  is  fuselage  drag  in  particular  -  interference  and  so  on. 
This  gives  one  sure  way  of  cutting  down  the  aircraft  vibration,  because  the  djag  of  the  fuselage  has  to  be  overcome 
by  putting  more  thrust  Into  the  rotor.  This  has  quite  a  serious  effect  on  the  vibration.  Farticularly  as  vibration  Is 
something  which  has  a  threshold.  It  is  not  noticeable  below  a  certain  level,  and  then  it  suddenly  becomes  very 
noticeable.  Nobody  has  mentioned  tail  rotors.  They  are  a  bane  to  all  designers.  We  know  very  little  about 
tail  tutor*.  We  know  very  tittle  uf  the  environment  in  which  they  work  and  the  loads  which  come  on  them,  I  do 
not  think  we  have  anything  like  the  same  kind  of  design  rules  or  design  patterns  of  thinking  for  tail  rotors  that  we 
have  for  main  rotors. 


Mr  Yaggy:  One  might  say  concerning  tail  rotors,  if  they  are  as  you  say,  the  bane  of  everyone’s  existence,  you  can 
not  say  that  no  one  has  thought  of  them.  It  is  certainly  an  example  of  at  least  trying  to  make  a  more  acceptable 
installation.  Of  course,  Sikorsky,  with  their  advancing  blade  concept  would  hope  to  rid  themselves  of  a  tail  rotor 
entirely.  I  he  tandem  designers  might  taice  you  to  task,  saying  that  they  have  put  the  tan  rotor  to  much  better  use. 
So  there  are  several  configurations  in  that  respect.  However,  it  certainly  needs  to  have  considerable  thought  given 
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to  it.  There  was  one  other  comment  that  I  forgot  to  make  earlier.  I  would  like  to  make  it  now.  It  was  regarding 
the  necessity  for  wind  tunnel  testing  and  I  think  it  was  Mr  Wilby  who  made  the  comment  about  the  ability  to 
integrate  these  results  and  to  find  them  meaningful  in  terms  of  the  prediction  of  what  actually  takes  place  in  flight. 

I  was  not  sure  whether  you  were  speaking  at  that  time  in  terms  of  full  rotor  investigations.  I  presume  you  were, 
that  is  of  a  full  rotor  in  the  wind  tunnel.  In  that  sense,  I  realize  this  is  a  problem.  The  fundamental  difference 
between  operating  in  the  wind  tunnel  and  operating  in  flight  is  that  you  are  on  a  seismic  base  in  the  wind  tunnel 
and  you  do  not  have  the  body  dynamics,  nor  do  you  have  the  relieving  aspects  of  the  body  motion  in  this  sense. 
This  has  usually  been  found  to  be  of  a  conservative  influence.  The  results  that  you  get  from  a  wind  tunnel  in 
terms  of  air  loads  and  vibratory  inputs,  and  so  forth,  generally  are  conservative  when  you  take  the  vehicle  to  flight. 
As  was  mentioned  by  Mr  Ward,  in  the  United  States  we  are  going  to  build,  at  least  so  I  hope,  a  rotor  research  aircraft 
which  we  will  be  able  to  mount  also  in  the  wind  tunnel  and  get  some  verification  of  these  various  factors.  This 
again  points  out  the  importance  of  having  a  wind  tunnel  of  such  a  size  that  one  can  make  that  type  of  comparison. 
Perhaps  you  might  want  to  comment  further  to  this. 


Mr  Wilby,  RAE:  Can  I  come  back  to  the  point  I  was  trying  to  make  earlier?  Perhaps  I  did  not  make  myself  quite 
clear.  What  I  was  trying  to  get  at  was  that  one  can  study  certain  aspects  of  unsteady  aerodynamics,  dynamic  stall, 
using  a  two-dimensional  model  in  a  wind  tunnel  and  having  a  constant  free  stream.  One  can  also  study  various 
effects  of  Mach  number  in  steady  flow  conditions  using  a  fairly  simple  wind  tunnel  model.  What  is  really  happening 
on  a  rotor  is  the  combination  of  these  two  effects  and  this  can  only  be  really  fully  simulated  on  a  large  rotor  model; 
it  is  not  until  we  get  a  large  rotor  model  that  we  really  will  know  how  these  two  effects  combine  and  control  the 
vibrations  that  actually  happen  on  a  helicopter 


Professor  Valensi:  If  I  have  understood  correctly,  there  is  some  thought  that  it  would  be  possible  by  changing  the 
shape  of  the  tip  of  the  blades,  to  suppress  the  vortex.  I  do  not  think  that  this  is  possible  because  the  circulation 
round  the  Wait  sections  at  the  tip  has  to  go  Somewhere.  What  you  can  do  is  to  irdVuei.te  the  shape  of  the  vortex 
immediately  behind  the  rotor.  I  will  go  to  the  blackboard:  I  have  myself,  a  long  time  ago,  in  1938  or  so,  investigated 
the  influence  of  the  shape  of  the  tip,  not  of  a  blade,  but  of  a  wing,  on  the  configuration  of  the  tip  vortex.  We  had 
something  like  that. 


Secondary  vortex  Tip  vortex 


Then,  if  you  look  at  the  configuration  of  the  vortex,  you  see  first,  quite  well  defined,  a  tip  vortex  shedding  from 
the  very  tip  of  the  wing.  This  vortex  takes  away  the  circulation  from  the  last  sections  of  the  tip.  There  is  another 
more  diffused  vortex  shedding  from  the  inflexion  point  of  the  wing  (plan  view),  which  is  twisted  round  the  first 


one.  I  was  surprised  to  see  in  some  of  the  pictures  concerning  a  rotor  blade  tip  of  a  similar  shape,  that  there  was  no 
appearance  of  any  vortex.  It  is  because  the  Schlieren  method  used  to  visualize  the  vortex  is  probably  not  sensitive 
enough.  It  must  be  pointed  out  also  that  Schlieren  pictures  give  only  a  projection  of  the  phenomenon  and  not  the 
phenomenon  itself,  as  smoke  visualisation  shows.  With  such  a  blade  tip  the  vortex  cannot  be  suppressed  and  in 
any  case  there  is  no  way  of  suppressing  the  vortex  by  changing  the  shape  of  the  tip.  What  you  can  change  is  the 
configuration  of  the  vortex,  near  the  blade. 

Mr  Ward  -  NASA  Langley:  Basically,  I  would  agree  that  the  total  circulation  is  still  there  in  the  tip  region.  The 
tip  shape  that  we  are  both  discussing  does  in  fact  have  separation  at  the  very  tip  end.  What  seems  to  have  been  done 
here  is  to  spread  the  core  of  the  vortex  out  to  a  much  larger  and  more  diffuse  core.  Still,  the  total  circulation 
in  the  tip  region  is  probably  unchanged.  This  is  difficult  to  determine  accurately  from  surveys  of  the  diffuse  core. 
The  major  effect  is  a  substantial  reduction  of  the  maximum  tangential  velocities. 
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Mr  Yaggy:  I  would  like  to  pose  a  question  to  the  two  pane!  members  from  the  production  area.  If  you  were  to 
have  a  choice  between  an  increase  in  L/D  in  the  general  sense,  that  is  to  be  able  to  take  a  vehicle  to  higher  speeds, 
or  if  you  were  to  have  the  choice  of  a  reduced  vibratory  load  in-put,  which  would  you  rather  have? 


Mr  Reichert:  It  all  depends.  You  should  find  the  best  compromise  for  given  operational  requirements. 


Mr  Yaggy:  You  merely  enforce  the  argument  that  helicopters  evolve  empirically.  That  is  exactly  what  happens, 
but  it  is  a  trade-off,  I  understand. 


Dr  Jones:  It  means  that  we  have  a  different  set  of  rules  for  a  different  design.  I  think  that  for  a  civil  aircraft 
where  an  interspeed  gain  is  only  10  knots  and  the  vibration  reduction  was  O.lg,  clearly  you  would  lake  the  vibration. 


Mr  Yaggy:  Yes,  but  let  us  face  up  to  the  other  fact  that  if  you  were  able  to  reduce  the  vibratory  loads,  you  could 
probably  reduce  the  weight  of  the  vehicle  and  its  complexity  and  in  so  doing  you  could  probably  get  the  additional 
speed. 


Dr  Jones:  Perhaps,  I  am  not  sure  how  much  weight  we  carry  around. 


Professor  Young:  This  last  remark  brings  us  back  to  what  Dr  Kiichemann  said  earlier,  that  vibration  is  clearly  one 
of  the  most  important  problems  of  the  helicopter.  I  would  like  to  ask  the  experts  whether  there  are  understood 
factors  in  helicopter  design  which  make  for  high  vibration  and  conversely  factors  which  make  for  low  vibration. 

My  own  guess,  as  an  aerodynamicist  is,  that  you  ought  to  seek  out  those  points  and  areas  where  flow  separation  is 
likely.  I  suspect  the  fuselage,  as  Dr  Jones  remarked,  where  much  flow  separation  occurs.  Helicopter  fuselages 
seem  to  have  rather  crude  shapes,  possibly  for  very  good  reasons,  unfaired  lumps  being  used  to  support  the  rotors,  and 
it  is  possible  that  such  flow  separations  can  quite  easily  be  reduced  or  even  removed.  Coming  back  to  the  rotor 
Watt*,  I  wc<">d  "UggC't  that  an  r>f  «hap<*  of  the  J  '"form  in  the  regio"  (jf  tip^  Hce-n  rc"'»’*cd 

earlier,  might  well  produce  considerable  reductions  in  both  the  buildup  in  the  boundary  layer  in  that  region  and  in 
the  type  of  pressure  gradient  that  blades  are  being  subjected  to  by  the  incipient  vortices  that  have  started  from  other 
Made*.  Thw,  tt  «em»  tfeeAy  thtrt  tqufte  wmU  change*  In  deMgr  tn*y  tewH  in  -eonsidefaMe  Impummente.  teaewrn 
to  me  that  the  question  that  you  put,  Mr  Chairman,  might  be  a  false  one,  in  the  sense  that  suppression  of  separation 
in  suitable  places  can  lead  to  both  an  increase  in  L/D  and  reduction  of  vibration  levels.  The  helicopter  has 
unavoidable  sources  of  vibration;  it  has  rotating  lifting  surfaces  whose  lifting  history  is  changing  cyclically,  and  as 
such,  they  must  obviously  produce  vibration  effects.  I  suspect  however  that  there  are  also  avoidable  sources  of 
vibration,  and  here  I  would  say,  instead  of  cherchez  la  femme,  cherchez  the  separation.  I  think  that  we  will  then 
find  room  for  considerable  improvement.  Additionally,  there  are  the  developments  we  have  been  hearing  about  such 
as  circulation  control  rotors;  these  may  produce  in  the  long  run  quite  considerable  improvements  in  performance  and 
flexibility. 


Mr  Yaggy:  Yes,  the  question  was  intentionally  loaded,  you  are  right.  But,  I  think  too  often  that  we  overlook  that 
very  fundamental  aspect  of  what  you  mentioned.  That  is,  the  improvement  is  bound  to  be  an  improvement  in  both 
iccas.  The  reason  I  asked  the  question  is  that,  generally  speaking,  in  the  vehicles  we  have  today,  we  cannot  use  their 
full  speed  potential  simply  because  of  the  vibratory  input.  At  least,  if  it  is  used,  it  can  only  be  used  for  a  very  short 
period  of  time,  because  human  tolerance  will  not  permit  its  longer  utilization.  Therefore,  it  would  seem  that  we 
might  be  wisei  to  be  putting  out  efforts  into  those  things  which  would  maht  tht  current  vehicle  capable  of  ail  ol 
its  inherent  capabilities  in  operation,  rather  than  to  be  striving  for  a  higher  forward  speed  or  things  of  that  sort. 

This  is  the  point  I  was  trying  controversially  perhaps  to  make,  and  to  elucidate. 


Mr  Williams:  If  you  consider  what  the  sources  of  vibration  are,  we  have  the  once  per  revolution  variation  of 
velocity  about  the  disc  which  is  fundamental.  The  only  way  you  can  get  around  that  is  to  take  the  thing  so  fast 
that  it  does  not  see  the  difference;  that  is,  very  high  advance  ratio  operation,  or  very,  very  low  advance  ratio  operation. 
Anywhere  in  between  you  are  stuck  with  that  fundamental  problem,  if  the  lift  depends  on  the  velocity  squared. 
Secondly,  you  have  the  inflow  variations  about  the  disc  due  to  the  development  of  lift,  and  these  are  largely  due  to 
the  tip  vortex.  Here  we  might  ask  if  we  can  do  anything  about  that.  There  is  sufficient  evidence  to  date  to  show 
that  you  can  do  something  about  it.  The  tip  vortex  being  the  primary  contributor,  but  also  the  inboard  vortices, 
the  root  vortex  is  something  that  we  have  not  really  considered.  I  do  not  understand  how  big  a  problem  it  is,  but 
I  assume  it  has  some  influence.  The  third  contributor  is  the  pitching  moments.  This  is  made  up  of  a  whole  series 
of  things,  including  the  airfoil  angle-of-incidence.  We  have  pitching  blades  now.  That  can  be  eliminated,  possibly. 
Twist  -  there  may  be  a  very  favorable  effect  by  eliminating  twist.  You  do  not  lose  much  in  L/D  and  I  think  some 
people  have  looked  at  this.  Camber  -  we  are  going  into  advanced  airfoils  and  adding  camber  and  adding  pitching 
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moment.  There  is  a  tendency  to  add  pitching  moment.  We  are  trying  to  pick  up  L/D,  but  at  the  expense  of  pitching 
moment,  and  we  have  to  be  very  careful  in  the  airfoil  design,  not  to  add  this  pitching  moment,  particularly  at  the 
high  Mach  numbers  when  we  start  having  shocks  on  the  airfoil.  I  think  this  problem  can  be  approached  by 
looking  at  all  these  different  sources  and  asking  what  research  areas  can  be  developed  to  eliminate  some  of  these 
sources? 


Monsieur  Philippe,  ONERA:  Pour  des  projets  futurs,  on  a  souvent  besoin  d’un  certain  nombre  de  donnees  pour 
prevoir  les  performances  du  rotor  par  exemple.  Un  travail  d'Karris  et  Pruyer  a  montre  que  I’on  doit  tenir  compte 
de  deux  effets:  -  effet  tridimensionnel  dd  £  l’effet  de  flSche  -  et  effet  instationnaire,  dont  les  contributions 
respectives  sont  relativement  egales.  Dans  ce  congres,  on  a  parle  assez  longuement  des  effets  instationnaires.  ie 
pense  qu’ils  sont  effectivement  importants  mais  qu’en  est-il  de  l’effet  de  fldche?  J’en  ai  peu  entendu  parler. 
Doit-on  considerer  qu’on  dispose  actuellement  d’informations  assez  completes  dans  ce  domaine? 

Mr  Ward:  1  would  like  to  go  back  to  the  subject  of  tip  speed  again  for  a  comment  or  two.  I  sense  an  implied 
consensus  among  the  group  that  there  is  a  rotor  tip  Mach  number  limit.  I  would  suggest  that  we  should  not 
overlook  the  possibilities  of  operating  with  transonic  and  supersonic  transient  Mach  number  excursions  on  the 
advancing  blade  tip  to  achieve  increased  forward  speeds.  Very  little  research  has  been  done  on  this  problem. 
However,  current  work  with  advanced  supercritical  airfoils,  tip  shapes  and  rotor  noise  investigations  may  lead  the 
way  to  higher  tip  Mach  numbers.  We  should  be  careful  not  to  discard  the  possibilities  here  -  the  payoff  could  be 
significant.  In  this  regard  1  would  like  to  endorse  Dr  Jones'  earlier  comments  about  looking  at  increased  rotor  tip 
speeds. 


Mr  Yaggy:  In  summary,  it  is  obvious  that  there  is  still  some  disparity  of  opinion  as  to  where  we  should  go,  and 
I  think  that  this  is  a  healthy  situation,  because  we  must  keep  an  open  mind  about  the  direction  in  which  we 
pursue  these  marten.  1  think  we  would  also  agree  that  there  is  considerable  potential.  It  would  be  well  for  us, 
however,  to  keep  in  mind  that,  while  we  have  specialized  in  the  fields  of  aerodynamics  and  to  some  extent  dynamics 
in  ibis  (uhlrti’jw  n  futhianumil  mu  f.'i  improving  rotor  technology  and  thmfun  rotor  rapaWfity  ilwiv  w«  \ 
certainly  not  the  only  factors  in  the  design  of  helicopters.  There  are  very  strong  advances  that  will  be  coming  as  a  \ 
result  of  the  introduction  of  new  materials.  As  the  introduction  of  the  turbine  engine  in  the  past  was  a  significant 
step  furwdid  in  both  the  consideration  of  specific  fuel  consumption  and  specific  weight,  it  would  appear  that  the 
most  logical  step  forward  in  the  near  future  will  be  in  the  area  of  better  and  lighter  materials.  But  it  is  a  rather 
damning  CtanciicnUy  lhAI  JhlVaftoa  in  holi ecp tors  haw  insulted  pi‘  ijaily,  h  iht  pall,  fit-in  prupuhiu  i  iniprc  vijiiwiSh 
and  look  likely  in  the  near  future  to  come  from  structures  and  materials  improvements,  while  we  do  not  really  get 
a  significant  gain  in  the  aerodynamic  sense.  Perhaps  that  is  the  challenge  with  which  we  should  leave  .his  conference. 
We  arc  striving  to  find  mechanisms  which  wilt  give  much  improved  aerudynamic  characteristics,  if  they  exist,  if  they 
do  not,  we  must  say  so,  defining  the  physical  laws  which  lead  to  that  conclusion,  and  go  on  to  the  other  areas 
l>r  StL-frii-waki  hm  n  funvi  t.j,  perfecting  the  Jf.wicv  to  ill  maximum  capability  md  firing  un  with  other  mtttlm 
With  that  challenge  1  think  that  we  can  close,  1  trust  that  you  agree  with  me  that  this  has  been  a  most  productive 
conference  and  I  am  sure  that  we  will  return,  not  only  with  renewed  enthusiasm,  but  perhaps  with  a  clearer  vision  of 
the  problems  that  lie  before  us. 


443 


A  SELECTION  OF 

AGARD  PUBLICATIONS  IN  RECENT  YEARS 


CATEGORY  I  -  PUBLISHED  BY  TECHNIVISION  SERVICES  AND 
PURCHASABLE  FROM  BOOKSELLERS  OR  FROM:- 

Technical  Press  Ltd  Hans  Heinrich  Petersen 

112  Westbourne  Grove  Po6tfach  265 

London  W.2  Borsteler  Chausee  85 

England  2000  Hamburg  61 

West  Germany 

Circa  Publications  Inc.  Diffusione  Edizioni  Anglo-Americaine 

415  Fifth  Avenue  Via  Lima 

Pelham  001 98  Rome 

New  York  10803,  USA  Italy 


1969 

AGARDograph  120 

Supersonic  turbo-jet  propulsion  systems  and  components 

Edited  by  J.Chauvin,  August  1969. 

1970 

AGARDograph  1 1 5 

Wind  effects  on  launch  vehicles 

By  E.D.Geissler,  February  1970. 

AGARDograph  130 

Measurement  techniques  in  heat  transfer 

By  E.R.G.Eckert  and  R.J.Goldstein,  November  1970. 

Conference 

Proceedings  38 

New  experimental  techniques  in  propulsion  and  energetics  research 
Edited  by  D. Andrews  and  J.Surugue,  October  1970. 

CATEGORY  II  -  NOT  ON  COMMERCIAL  SALE  -  FOR 
AVAILABILITY  SEE  BACK  COVER 

1965 

Report  514  The  production  of  intense  shear  layers  by  vortex  stretching  and  convection 

By  J.T.Stuart,  May  1965.  (Report  prepared  for  the  AGARD  Specialists’  Meeting 
“Recent  developments  in  boundary  layer  research”,  May  1965.) 

AGARDograph  91  The  theory  of  high  speed  guns 

By  A.E.Seigel,  May  1965. 

AGARDograph  97  Recent  developments  in  boundary  layer  research 
(in  four  parts)  AGARD  Specialists’  Meeting,  Naples,  May  1965. 


445 


AGARDograph  102 
AGARDograph  103 

1966 

Report  S2S 
Report  526 

Report  539 

Report  542 

Report  548 

Report  550 

Report  551 

AGARDograph  109 

AGARDograph  112 

AGARDograph  1 1 3 

Conference 
Proceedings  4 
(two  parts  and  one 
supplement) 

Conference 
Proceedings  10 

Conference 
Proceedings  12 
(in  two  parts) 

1967 

Report  558 

Advisory  Report  13 

AGARDograph  98 
AGARDograph  1 1 7 


Supersonic  inlets 

By  lone  D.V.Faro,  May  1965. 

Aerodynamics  of  power  plant  Installation 

AGARD  Specialists’  Meeting,  Tullahoma,  October  1965. 


The  pitot  probe  in  low-density  hypersonic  flow 
By  S.A.Schaaf,  January  1966. 

Laminar  incompressible  leading  and  trailing  edge  flows  and  the  near  wake  rear  stagnation 
point 

By  Sheldon  Weinbaum,  May  1966. 

Changes  in  the  flow  at  the  base  of  a  bluff  body  due  to  a  disturbance  in  its  wake 
By  R.Hawkins  and  E.G.Trevett,  May  1966. 

Transonic  stability  of  fin  and  drag  stabilized  projectiles 
By  B.Cheers,  May  1966. 

Separated  flows 

(Round  Table  Discussion),  Edited  by  J.J.Ginoux,  May  1966. 

A  new  special  solution  to  the  complete  problem  of  die  internal  ballistics  of  guns 

By  C.K.Thomhill,  1966. 

A  review  of  some  recent  progress  in  understanding  catastrophic  yaw 
By  J.D.Nicolaides,  1966. 

Subsonic  wind  tunnel  wall  corrections 
By  Gardner,  Acum  and  Maskeli,  1966. 

Molecular  beams  for  rarefied  gasdynamic  research 
By  J.B.French,  1966. 

Free  flight  testing  in  high  speed  wind  tunnels 
By  B.Dayman,  Jr,  1966. 

Separated  flows 

Specialists’  Meeting,  Rhode-Saint-Gendse  (VKI),  May  1966. 


The  fluid  dynamic  aspects  of  ballistics 
Specialists’  Meeting,  Mulhouse,  September  1966. 

Recent  advances  in  aerothermochemistry 

7th  AGARD  Colloquium  sponsored  by  PEP  and  FDP,  Oslo,  May  1966. 


Experimental  methods  in  wind  tunnels  and  water  tunnels,  with  special  emphasis  on  the 
hot-wire  anemometer 
By  K.Wieghardt  and  J.Kux,  1967. 

Aspects  of  V/STOL  aircraft  development 

(This  report  consists  of  three  papers  presented  during  the  joint  session  of  the  AGARD 
FDP  and  FMP  held  in  G&ttingen,  September  1967.) 

Graphical  methods  in  aerothermodynamics 
By  O.Lutz  and  G.Stoffers,  November  1967. 

Behaviour  of  supercritical  nozzles  under  three-dimensional  oscillatory  conditions 

By  L.Crocco  and  W.A.Sirignano,  1967. 


h-  . 


446 


AGARDograph  119  Thermo-molecular  pressure  effects  in  tubes  and  at  orifices 
By  M.Kinslow  and  G.D.Amey,  Jr,  1967. 

AGARDograph  1 2 1  Techniques  for  measurement  of  dynamic  stability  derivatives  in  ground  test  facilities 
By  C.J.Schueler,  LK.Ward  and  A.E.Hodapp,  Jr,  1967. 

AGARDograph  124  Nonequilibrium  effects  in  supersonic-nozzle  flows 
By  J.Gordon  Hall  and  C.E.Treanor,  1967. 

Conference  Fluid  physics  of  hypersonic  wakes 

Proceedings  19  Specialists'  Meeting,  Fort  Collins,  Colorado,  May  1967. 

(in  two  parts) 

Conference  Fluid  dynamics  of  rotor  and  fan  supported  aircraft  at  subsonic  speeds 

Proceedings  22  Specialists’  Meeting,  Gdttingen,  September  1967. 

Conference  As  above  -  with  supplement 

Proceedings  22  -  S  4 

1968 

AGARDograph  132  The  electron  beam  fluorescence  technique 
By  E.P.Muntz,  1968. 

Conference  Hypersonic  boundary  layers  and  flow  fields 

Proceedings  30  Specialis  ‘s’  Meeting,  London,  May  1968. 

Conference  Supplement  to  the  above. 

Proceedings  30  Suppl. 

Conference  Transonic  aerodynamics 

Proceedings  35  Specialists’  Meeting,  Paris,  September  1968. 

Conference  Supplement  to  the  above. 

Proceedings  35  Suppl. 

1969 

Advisory  Report  1 7  Technical  Evaluation  Report  on  AGARD  Specialists’  Meeting  on  Transonic  aerodynamics 
By  D.Kuchemann,  April  1969. 

AGARDograph  134  A  portfolio  of  stability  characteristics  of  incompressible  boundary  layers 
By  H.J.Obremski,  M.V.Morkovin  and  M.Landahl,  1969. 

AGARDograph  135  Fluidic  controls  systems  for  aerospace  propulsion 

Edited  by  R.J.Reilly.  September  1969. 

AGARDograph  137  Tables  of  inviscid  supersonic  flow  about  circular  cones  at  incidence  y  =  1,4 
(in  two  parts)  By  D.J. Jones,  November  1969. 

Conference  Aircraft  engine  noise  and  sonic  boom 

Proceedings  42  Joint  Meeting  of  the  Fluid  Dynamics  and  Propulsion  and  Energetics  Panels,  held  in 

Saint-Louis,  France,  May  1969, 

Conference  The  aerodynamics  of  atmospheric  shear  flow 

Proceedings  48  Specialists’  Meeting,  Munich,  September  1969. 

1970 

Report  575  Test  cases  for  numerical  methods  in  transonic  flows 

By  R.C.Lock,  1970. 

Advisory  Report  22  Aircraft  engine  noise  and  sonic  boom* 

By  W.R.Sears.  (Technical  Evaluation  Report  on  AGARD  FDP  and  PEP  Joint  Meeting 
an  “Aircraft  engine  noise  and  sonic  boom”.)  January  1970. 


Advisory  Report  24 

Advisory  Report  30 

AGARDograph  138 
AGARDograph  144 
AGARDograph  145 
AGARDograph  146 
AGARDograph  147 

Conference 
Proceedings  60 

Conference 
Proceedings  62 

Conference 
Proceedings  65 

Conference 
Proceedings  71 

1971 

Report  588 
Advisory  Report  34 

Advisory  Report  35 


Advisory  Report  36 


Advisory  Report  37 


AGARDograph  137 
(third  volume) 


Hie  aerodynamics  of  atmospheric  shear  flows 

By  J.E.Cermak  and  B.W.Marschner,  May  1970.  (Technical  Evaluation  Report  on  AGARD 
Specialists’  Meeting  on  “The  aerodynamics  of  atmospheric  shear  flows”.) 

Blood  circulation  and  respiratory  flow 

By  J.F.Gross  and  K.Gersten,  December  1970.  (Technical  Evaluation  Report  on  AGARD 
Specialists’  Meeting  on  the  above  subject.) 

Ballistic  range  technology 
By  T.N. Canning,  November  1970. 

Engineering  analysis  of  non-Newtonian  fluids 
By  D.C.Bogue  and  J.L. White,  July  1970. 

Wind  tunnel  pressure  measurement  techniques 

By  D.S.Bynum,  R.LLedford  and  W.E.Smotherman,  December  1970. 

The  numerical  solution  of  partial  deferential  equations  governing  convection 
By  H.Lomax,  P.Kutler  and  F.B.Fuller,  November  1970. 

Non-reacting  and  chemically  reacting  viscous  flows  over  a  hyperboloid  at  hypersonic 
condition 

Edited  by  C.H.Lewis.  (M.Van  Dyke,  J.C.Adams,  F.G.Blottner,  A.M.O.Smith,  R.T.Davis 
and  G.L.Keltner  were  contributors.)  November  1970. 

Numerical  methods  for  viscous  flows 

By  R.C.Lock,  November  1970.  (Abstracts  of  papers  presented  at  a  Seminar  held  by  the 
FDP  of  AGARD  at  the  NPL,  Teddington,  IJK,  18—21  September  1967.) 

Preliminary  design  aspects  of  military  aircraft 

March  1970,  AGARD  Flight  Mechanics  Panel  Meeting  held  in  The  Hague,  The  Netherlands, 
September  1969. 

Fluid  dynamics  of  blood  circulation  and  respiratory  flow 
Specialists’  Meeting,  Naples,  May  1970. 

Aerodynamic  interference 

Specialists’  Meeting,  Silver  Spring,  Maryland,  USA,  September  1970. 


Aerodynamic  testing  at  high  Reynolds  numbers  and  transonic  speeds 
By  D.Kuchemann,  1971. 

Aerodynamic  interference 

By  D.J. Peake,  May  1971.  (Technical  Evaluation  Report  of  the  Specialists’  Meeting  on 
“Aerodynamic  interference”,  September  1970.) 

Report  of  the  high  Reynolds  number  wind  tunnel  study  group  of  the  Fluid  Dynamics 
Panel 

April  1971 

Report  of  the  AGARD  Ad  Hoc  Committee  on  Engine-airplane  interference  and  wall 

corrections  in  transonic  wind  tunnel  tests 

Edited  by  A.Ferri,  F.Jaarsma  and  R. Monti,  August  1971. 

Facilities  and  techniques  for  aerodynamic  testing  at  transonic  speeds  and  h>"h  Reynolds 
number 

By  R.C.Pankhurst,  October  1971.  (Technical  Evaluation  Report  on  >pec>  lists’  Meeting 
held  in  Gottingen,  Germany,  April  197i. 

Tables  of  inviscid  supersonic  flow  about  circular  cones  at  incidence,  y  =  1.4 
Part  III,  by  D.J. Jones,  December  1971. 


448 


AGARDograph  148  Heat  transfer  in  rocket  engines 

by  H.Ziebland  and  R.C. Parkinson,  September  1971 

Conference  Facilities  and  techniques  for  aerodynamic  testing  at  transonic  speeds  and  high  Reynolds 

Proceedings  83  number 

August  1971.  Specialists’  Meeting  held  in  Gdttingen,  Germany,  April  1971. 

Conference  Inlets  and  nozzles  for  aerospace  engines 

Proceedings  91  December  1971.  Meeting  held  in  Sandefjord,  Norway,  September  1971. 


1972 

Report  598  Experiments  on  management  of  free-stream  turbulence. 

By  R.I.Loehrke  and  N.M.Nagib,  September  1972. 

Report  603  Aerodynamic  test  simulation:  Lessons  from  the  past  and  future  prospects 

Ed.  J. Lukasiewicz,  December  1972. 

AGARDograph  156  Planar  inviscid  transonic  airfoil  theory 
By  H.Yoshihara,  February  1972. 

AGARDograph  1 6 1  Ablation 

by  H.Hurwicz,  K.M.Kratsch  and  J.E.Rogan,  March  1972. 

AGARDograph  163  Supersonic  ejectors 

Ed.  J.J.Ginoux,  November  1972. 

AGARDograph  164  Boundary  layer  effects  in  turbomachines  '% 

Ed.  J.Surugue,  December  1972. 

Conference  Turbulent  shear  flows 

Proceedings  93  January  1972.  Specialists’  Meeting  held  in  London,  England,  September  1971. 

Conference  Fluid  dynamics  of  aircraft  stalling 

Proceedings  102  November  1972,  Specialists’  Meeting  held  in  Lisbon,  Portugal,  April  1972. 

Advisory  Report  46  Turbulent  shear  flows 

By  R. Michel,  July  1972  (Technical  Evaluation  Report  of  the  Specialists  Meeting  on 
“Turbulent  Sheer  clows”,  September  1971). 

Advisory  Report  49  Fluid  dynamics  of  aircraft  stalling 

By  R.C.Pankhurst  (Technical  Evaluation  Report  on  Fluid  Dynamics  Panel  Specialist’s 
Meeting),  November  1972. 

Advisory  Report  50  Energetics  for  Aircraft  auxiliary  power  systems 

by  R.H.Johnson,  C.E.Oberly  and  R.E.Quigley,  Jr  (Technical  Evaluation  Report  on  39th 
Propulsion  and  Energetics  Panel  Meeting),  November  1972. 

Lecture  Series  LS42  Aerodynamic  problems  of  hypersonic  vehicles.  (Two  volumes) 

Ed.  R.C.Pankhurst,  July  1972. 

Lecture  Series  LS48  Numerical  methods  in  Fluid  dynamics 
Ed.  J.J.Smolderen,  May  1972 

Lecture  Series  LS49  Laser  technology  in  aerodynamic  measurements 
Ed.  R.C.Pankhurst,  March  1972. 

Lecture  Series  LS53  Airframe/engine  integration 
May  1972. 


449 


